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ABSTRACT: Galactose oxidase is a metalloenzyme containing a novel metalloradical complex in its active
site, comprised of a mononuclear copper ion associated with a protein free radical. The free radical has
been shown to be localized on an intrinsic redox cofactor, 3’-(S-cysteinyl)tyrosine (Cys-Tyr), formed by
a posttranslational covalent coupling of tyrosine and cysteine side chains in a self-processing reaction.
The role of the thioether linkage in the function of the Cys-Tyr cofactor is unresolved, and some
computational studies have suggested that the thioether substituent has a negligible effect on the properties
of the tyrosyl free radical. In order to address this question experimentally, we have incorporated site-
selectively labeled tyrosine (*H, 13C, 170) into galactose oxidase using an engineered tyrosine auxotroph
strain of Pichia pastoris. S was also incorporated into the protein. EPR spectra for the Cys-Tyr" free
radical in each of these isotopic variants were analyzed to extract nuclear hyperfine parameters for
comparison with theoretical predictions, and the unpaired spin distribution in the free radical was
reconstructed from the hyperfine data. These labeling studies allow the first comprehensive experimental
evaluation of the effect of the thioether linkage on the properties of Cys-Tyr® and indicate that previous
calculations significantly underestimated the contribution of this feature to the electronic ground state of

the free radical.

Free radical mechanisms have emerged as a fundamental
feature in enzymology (/), where the electronic structure
associated with open-valence-shell free radical species can
contribute novel, low-barrier pathways in catalysis. Important
examples of free radical enzymes have been identified in
many fundamental biological processes, including DNA
biosynthesis (ribonucleotide reductase, RNR) (2), photosyn-
thesis (oxygen-evolving complex, OEC) (3), and a wide
range of reactions catalyzed by S-adenosylmethionine-
dependent enzymes (adenosylcobalamin and SAM radical
pathways) (4), among others.

Galactose oxidase (GAOX)' (5, 6) is a free radical enzyme
in a class of its own. GAOX stabilizes an antiferromagneti-
cally coupled, EPR-silent free radical—copper complex in
the active site that performs the two-electron chemistry of
alcohol oxidation and dioxygen reduction (eq 1):

RCH,OH + 0,—RCHO + H,0, )

A distinctive free radical EPR signal is produced when the
metal-free apoenzyme is treated with mild oxidant, showing
that the protein itself is redox-active. Spectroscopic and
isotopic labeling studies have identified this free radical as
being derived from a tyrosine residue (7). Subsequently,
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FIGURE 1: Active site of galactose oxidase. The catalytic Cu metal
ion and directly coordinated protein side chains are indicated, and
the Cys-Tyr cofactor is highlighted. Based on PDB ID 1gog.

X-ray crystallography has revealed a novel thioether covalent
cross-link between one of the copper ligands (Tyr272) and
a cysteine side chain (Cys228) (Figure 1), providing a likely
suspect for the radical-forming site (8). This assignment has
been confirmed by further spectroscopic analysis and com-
parison of the free radical formed in the protein with model
compounds [e.g., (2-methylthio)cresyl phenoxyl (MTC")]
6, 9-11).

The Tyr272-Cys228 active site cross-link is an intrinsic
feature of the galactose oxidase structure, forming a new
amino acid, 3’-(S-cysteinyl)tyrosine (Cys-Tyr), that serves
as an essential cofactor in enzyme function. The Cys-Tyr
cofactor has been shown to form spontaneously from a
precursor protein lacking the cross-link (/2) on exposure to
Cu(l) and air (/3), illustrating the ability of a protein to
acquire new functionality through posttranslational covalent
modification of amino acid side chains. This posttranslational
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modification may, in fact, turn out to be quite widespread in
nature, since the Cys-Tyr cofactor has been demonstrated
in both eukaryotic (/4) and prokaryotic (/5) homologues of
galactose oxidase, and a Cys-Tyr cross-link has recently been
identified in the structures of both mammalian cysteine
dioxygenase (16, 17) and a prokaryotic sulfite reductase (/8),
although its function in those enzymes is presently unknown.

The role of the thioether cross-link in the function of the
Cys-Tyr cofactor is still unresolved. While the (Cys-Tyr/
Cys-Tyr") redox potential is stabilized approximately 200 mV
relative to a simple (Tyr/Tyr") phenoxyl (/9), the extent to
which the sulfur side chain participates in the redox chemistry
has not been determined, and the possibility of a purely
structural role for the cross-link has been raised (20).
Computational studies have attemped to address this question
by investigating the nature of the electronic ground state for
the Cys-Tyr cofactor in its oxidized (free radical) form (20-23),
allowing comparison with the extensive work that has been
done to characterize the tyrosyl free radicals in ribonucleotide
reductase and photosystem II (24-26). These calculations
all fundamentally agree on an essentially odd-alternant
unpaired electron distribution for the Cys-Tyr" free radical
but differ quantitatively in the extent of sulfur contribution
to the molecular orbital containing the unpaired electron
(SOMO), with predictions ranging from 9% to 28%.

In order to address this question experimentally, we have
undertaken the first comprehensive investigation of the
electronic structure of the Cys-Tyr" free radical in GAOX
using electron paramagnetic resonance (EPR) spectroscopy
to resolve electron-nuclear hyperfine (hf) interactions as a
direct probe of the unpaired electron distribution. A system-
atic analysis of the 'H, ’C, 7O, and S EPR hyperfine
interactions detected in EPR spectra for a series of selectively
labeled isotope derivatives of recombinant GAOX (27), in
which site-selectively labeled tyrosine was incorporated using
a Pichia pastoris TYR1 auxotrophic expression host (28),
has yielded a complete set of nuclear hyperfine parameters.
The hyperfine coupling constants extracted by simulation of
the EPR spectra were then used to map out the unpaired
electron spin density distribution on the Cys-Tyr cofactor,
experimentally defining the electronic structure of the free
radical site of galactose oxidase.

EXPERIMENTAL PROCEDURES

Reagents. L-Tyrosine was purchased from Sigma (St.
Louis, MO). [3",5"->H,]-L-Tyrosine (98 atom % D) was
purchased from Cambridge Isotope Laboratories (Andover,
MA). [’H;]-DL-tyrosine (99.2 atom % D) and [2,2",6"-*H;]-
DL-tyrosine (98.1 atom % D) were obtained from CDN
Isotopes (Pointe-Claire, Québec). [2,2°,3",5",6"->Hs]-DL-Ty-
rosine (97 atom % D) was synthesized essentially as
described by published procedures (29), except that the
reaction was performed under argon at 145—150 °C for 2
days, and at the end the reaction mixture was adjusted to
pH 4.5 with concentrated NH4OH in an ice bath. This
exchange reaction was repeated (2x) to achieve the highest
isotopic substitution. '*C-Labeled L-tyrosine derivatives were
purchased from Cambridge Isotope Laboratories: [4’-13C]-
L-tyrosine (95.9 atom % '3C), [3",5"-13C,]-L-tyrosine (99.1
atom % '3C), and [ring-'3Cg]-L-tyrosine (99 atom % '3C).
7O-Labeled tyrosine ([4-'"O]-L-tyrosine, 50 atom % '70O)
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was obtained from Isotec (Miamisburg, OH). **S metal (99.92
atom % 33S) was obtained from Cambridge Isotope Labo-
ratories. S was oxidized to sulfate by treatment with
bromine in aqua regia (30). Briefly, 50 mg of elemental sulfur
was added to 1 mL of aqua regia containing 200 uL of
bromine, and the sulfur particles were dispersed in an
ultrasonic bath. After all of the sulfur had dissolved and
oxidized, the excess bromine was eliminated in a stream of
argon. The resulting acid solution was neutralized with
sodium hydroxide and heated to boiling. After cooling, the
volume was made up to 5 mL with deionized water, and the
solution was filter sterilized (0.2 um filter).

Diphenylpicrylhydrazyl (DPPH) (Eastman Kodak, Roch-
ester, NY) was recystallized from benzene for field/frequency
calibration of EPR spectra (gpppy = 2.0036 £ 0.0003 (31)).
Recrystallized DPPH was sealed in 0.040 in. i.d. Tygon
microbore tubing with Instant Krazy Glue.

Biological Materials. Previously described P. pastoris
X33::PICZaGAOX (27) and P. pastoris TYR1::PICZaGAOX
(28) galactose oxidase expression strains containing a
methanol-induced expression cassette integrated into the
genome were maintained and cultivated on yeast—peptone—
dextrose (YPD) (32) or standard defined (SD) minimal
medium containing 0.17% YNB (yeast nitrogen base without
amino acids and ammonium sulfate; Difco) supplemented
with 0.5% ammonium sulfate, 2 mL of 0.02% biotin, 1 mL
of PTM4 trace metal solution, 60 mM potassium phosphate
buffer, and tyrosine (100—150 mg/L).

Protein Expression and Purification. Isotopically labeled
GAOX was produced by a P. pastoris TYRI heterologous
expression host (28) in chemically defined expression
medium with labeled tyrosine or [*3S]sulfate. For tyrosine
labeling, 20 mL of phosphate-buffered SD with 2% glucose
supplemented with 150 mg/L unlabeled tyrosines was
inoculated in a 125 mL baffled flask using freshly grown
expression strain culture and grown at 30 °C with shaking.
The culture was centrifuged in sterile Oak Ridge tubes, and
the cells were resuspended in 1 L of 2 x phosphate-buffered
SD with 2% glucose and labeled amino acid in a 2 L baffled
flask. The culture was allowed to grow at 30 °C with shaking
to stationary phase. Cells were centrifuged and resuspended
in 200 mL of 2x phosphate-buffered expression medium
(SD containing 20 uM CuSOy and labeled amino acid) in a
2 L baffled flask. Galactose oxidase expression was induced
with 0.5% methanol added daily for 4 days at 30 °C with
shaking (27). For sulfur labeling, an aliquot of 10 mg/mL
38 stock solution (prepared as described above) was added
to sulfate-free minimal growth medium (1 mL/L) for
expression of *S-labeled GAOX. Pichia cell biomass was
removed from the fermentation culture, and GAOX was
purified according to the published procedures (33). Mass
spectroscopic analyses of tryptic peptides of the 33*S-labeled
GAOX were performed on the QSTAR XL or on the
QTRAP4000, and the results were analyzed with the program
IsoFit.” Briefly, the extent of 3S incorporation was measured
by calculating the expected isotopic distributions for each
of the peptides, one containing only natural abundance
isotopes and the others containing up to 100% 33S. The
observed isotopic peaks in the mass spectrum were then
modeled (using maximum likelihood methods) to estimate
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the percentage of sulfur sites with *3S incorporation, varying
the proportions of the calculated distributions. The fitting
also included distributions resulting from partial deamidation,
which introduces a unit mass increase (Am/z = 1 amu) in
peptides containing asparagine and glutamine. Finally, peak
shape parameters were included to fine-tune the fit to the
data. This analysis indicated a labeling efficiency of 98 + 2
atom % for ¥3S-labeled galactose oxidase.

Preparation of Cys-Tyr" Free Radical. Metal-free apoGAOX
was prepared by a modified chelation procedure (7). Briefly,
a concentrated diethyl dithiocarbamate solution (200 mM)
was added to 0.5 mM GAOX solution with an 8-fold excess.
The yellow mixture was centrifuged at high speed, leaving
a colorless supernatant from which unreacted reagent was
removed by gel filtration (Bio-Gel P-30). Oxidized apoGAOX
was prepared by adding 50 mM K;Fe(CN)g to the metal-
free enzyme and desalting.

Spectroscopic Measurements. X-band (9.2—9.9 GHz) EPR
spectra were recorded using a Bruker ELEXSYS ES500
spectrometer equipped with a Bruker ER049X SuperX
X-Band microwave bridge, Bruker ER4122SHQE superhigh
Q high-sensitivity cavity, and a E27H lock-in detector.
Temperature control was provided by a continuous nitrogen
flow cryostat system, with temperature monitoring by a
Bruker W1100321 thermocouple probe. The EPR spectra
were displayed and analyzed using the Bruker XeprView
interface. The EPR spectrometer and cryostat system were
stabilized for 2—3 h before the data were collected. First
harmonic X-band EPR spectra of the ?H-labeled, '*C-labeled,
33S-labeled, and '"O-labeled samples were collected at both
low [50 uW (36 dB)] and high [20 mW (10 dB)] microwave
power. In all of the experiments, first harmonic spectra of
free radical DPPH were collected for field/frequency calibra-
tion at 50 uW (36 dB) and 20 mW (10 dB) immediately
before and after collecting the spectra of the protein samples.
Under these conditions, the relaxation-narrowed powder
spectrum of the solid DPPH sample dominated the spectrum,
even though it rested on top of the frozen protein sample. A
duplicate set of EPR spectra was collected for each sample
to confirm the accuracy of the data.

The concentration of the free radical in protein samples
was calculated by comparing the double-integrated EPR
intensity with the corresponding value obtained for a 1 mM
Cu(ClOy); spin standard in 2 M NaClO, based on standard
methods. Baseline and field (AH,;) corrections were applied
to the experimental spectra in the Bruker XeprView interface.
The field correction was calculated by comparing the known
g-value of DPPH with the observed g-value (eq 2):

AIio:orr = h/ﬁ(V/gDPPH) - Hobs = H, - Hobs (2)

where h is Planck’s constant, /3 is the Bohr magneton, v is
the frequency (in megahertz), gpppy is the literature g-value
of DPPH (gpppy = 2.0036) (31), Hops is the observed crossing
point (in gauss), and H’ is the predicted crossing point
calculated using the literature g-value of DPPH. The AH o
correction was typically on the order of 1 G.

EPR Power Saturation Analysis. Power saturation mea-
surements of unlabeled Cys-Tyr® oxidized apoGAOX were
performed at 100 K with 1 G modulation amplitude. The
X-band (9.394 GHz) spectra were collected over a micro-
wave power range (0.2 uW—200 mW, 60 dB—0 dB) and
calibrated with DPPH. Baseline corrected spectra were
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imported into Specfit 3.0 global fitting data analysis software
(Spectrum Software Associates, Marlborough, MA) and
analyzed using the model-free evolving factor analysis (EFA)
routine. This method factor-analyzes the spectra and resolves
component spectra (basis vectors) from the entire data set.
The two spectral components extracted by EFA together with
the spectroscopic intensities recorded during the power
saturation experiment were imported into the graphing
program Kaleidagraph (Synergy Software, Reading, PA) for
further analysis. The power dependence of each of the two
components was fit using least-squares methods to an
equation of a form (eqs 3 and 4) (34):

log(INP) = —(b/2) 1og(P,, + P) + (b/2) log(P,,) + log k
3

= log

“

2b \bl2
Pk
P,,+P

where [ is the signal intensity, P;, is the microwave power
required for half-saturation, P is the microwave power, b is
the inhomogeneity factor, and k is a proportionality (scaling)
factor.

The recorded spectroscopic intensities of the raw data were
also fit using least-squares methods. Since the raw data are
essentially the sum of the two components, an additional
term is required (eq 5):

2/b; \ bil2
(Pp)ik;

Py + P ®

2
log(INP) = log[z

i=1

where (P,5); are saturation parameters for the low- and high-
power components (i = 1, 2), respectively. A plot of log(l/
V. P) vs microwave power was obtained, and the values of
Pip, b, and k; were determined by fitting the power
dependence of the resolved components.

EPR Simulation Procedures. Spectra were simulated using
a continuous wave (CW) EPR computer simulation software
suite [XSophe 1.1.4 (35)] to extract detailed structural
information, including g-values and hyperfine coupling
constants. For a simple paramagnetic system (S = !/,) with
anisotropic g-values and hyperfine coupling constants, the
spin Hamiltonian (%7") takes the form (eq 6):

I = PHgS + XSAl (6)
where S is the electron spin operator, / is the nuclear spin
operator, g is the electronic Zeeman tensor, A is the total
hyperfine coupling tensor (with principal components A,.,
A,y, and A_, including both isotropic and dipolar terms),
is the Bohr magneton, and H is the applied magnetic field.

In XSophe, the EPR spectrum is calculated by integrating
the magnetic dipole transition moment, convoluted with a
line shape function, over spherical angles to simulate the

orientation-averaged spectrum of a randomly oriented powder
sample (eq 7) (35):

N N
SHv)=Y, >, Cfr qu’: M f v —
=0 j=i+1
! v,(H),0,] d cos 6 d¢ (7)

where S(H,v.) denotes the spectral intensity, lu;|? represents
the magnetic dipole intensity for the i — j transition evaluated

from the spin Hamiltonian (eq 6), v. is the microwave
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FIGURE 2: Cys-Tyr cofactor structure. (a) Ball-and-stick model of
the galactose oxidase Cys-Tyr cofactor rendered using the program
Ortep3, with the superimposed coordinate system defining the
principal axis directions. The side chain atom numbering scheme
is indicated. (Below) Headgroup dihedral for (b) Tyr272 Cg and
(c) Cys228 Cg. Based on PDB ID 1goh.

frequency, v,(H) is the resonant frequency, o, is the line
width, flv. — vo(H), 0,] is the line shape function (Gaussian
or Lorentzian), 6 and ¢ are the polar and azimuthal angles,
respectively, and C is a normalization constant.

The CW powder spectra were calculated in XSophe using
full matrix methods for the electronic parameters while the
hyperfine terms were treated perturbatively. The composition
of the spin system and the isotopic abundance for each
paramagnetic nucleus was defined for each free radical
protein sample at the start of the calculation. Initial estimates
of the spin parameters (g-values, hyperfine coupling con-
stants, and line widths) were entered along with limits
(deviations and parameter half-spaces) for optimization. A
Hooke and Jeeves optimization method was used, normal-
izing the calculated spectra to the peak extrema of the
experimental data. Ideally, a global fitting procedure would
be applied to simultaneously optimize all shared parameters
over the entire series of spectra. This is not possible in the
current implementation of XSophe, so we adopted an iterative
approach, sequentially optimizing parameters over the set
of spectra to achieve self-consistency in the parameter set.
All spectra were corrected both for field/frequency calibration
and to subtract the secondary (high-power) spectral compo-
nent. Numerical differentiation of the normal EPR spectrum
was used to enhance the fine structure, contributing to the
quality of the fit. Both normal (absorption derivative) spectra
and second derivative transforms were fit by XSophe
simulation, with the second derivative EPR absorption spectra
being fit by second harmonic simulation in XSophe. All
parameters underwent iterative optimization over the entire
set of spectra, converging to self-consistent values for each
of the parameters. This final, refined set of parameters was
used to reproduce the entire set of spectra, including all
isotopomers. In order to compensate for residual errors in
the experimental data, the parameters were allowed to vary
approximately 10% from the optimized value during the final
iteration, although the optimized value was fixed during this
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FIGURE 3: Cys-Tyr isotopomers investigated in this study: (a)
unlabeled; (b) [2,2’,5’,6"-?H4]-L-cysteinyltyrosine; (¢) [2,2’,6"-H;]-
L-cysteinyltyrosine; (d) [5’-?H;]-L-cysteinyltyrosine; () [2,3,3,2",5",6"-
2He]-L-cysteinyltyrosine; (f) [4'-13C]-L-cysteinyltyrosine; (g) [3",5'-
13C,]-L-cysteinyltyrosine; (h) [ring-'3Cg]-L-cysteinyltyrosine; (i)
[4’-170]-L-cysteinyltyrosine; (j) [3*S]-L-cysteinyltyrosine.

process. As a result, the minimum relative uncertainties in
the parameters may be taken as 10% of the stated value.
Spin Density Analysis. The experimental hyperfine tensors
were resolved into isotropic (Ais) and anisotropic (7) parts,
and these components were used to solve for the unpaired
spin density distribution over the six ring carbon atoms, the
phenoxyl oxygen, and the thioether sulfur of the Cys-Tyr*
free radical. The experimental hyperfine tensor components
were entered as data in the program Scientist (MicroMath,
St. Louis, MO) together with the equations relating each of
the hyperfine tensors to components of electronic spin
density. Global minimization of the differences between
experimental and predicted hyperfine components over the
entire set of data (Levenberg—Marquardt algorithm) was used
to optimize the spin density distribution. This approach
provides an estimate of a consensus unpaired spin distribution
that is consistent with the entire experimental data set.

RESULTS AND DISCUSSION

EPR Measurements. Power saturation measurements were
performed on oxidized, unlabeled apoGOAX Cys-Tyr’
samples at microwave powers ranging from 0.2 uW to 200
mW (60 dB—0 dB) (Figure 4). The resulting spectra, shown
as a 3D stack plot in Figure 4, progressively increase in
amplitude with increasing power (at constant gain) to a
maximum amplitude near 100 W, above which the ampli-
tude decreases and the line shape dramatically changes,
suggesting the presence of a second paramagnetic species
in the sample. In order to investigate this possibility, the
entire set of spectral data arising from the power saturation
experiment was assembled into a rectangular data array and
analyzed using global fitting matrix methods [model-free
extended factor analysis (EFA)] to extract component spectra
(Figure 5, inset). In addition to resolving basis spectra from
the composite data set, the EFA method yielded the power
dependence for each of the components. A plot of log(l/
V/P) vs microwave power for both components and for the
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FIGURE 4: Power saturation of oxidized apoGAOX free radical EPR
spectra. 3D stack plot for spectra recorded for oxidized apoGAOX
(1.3 mM in 25 mM KHPO, buffer, pH 7) at a microwave power
ranging from 0.2 uW to 200 mW. Instrumental parameters:
microwave frequency, 9.394 GHz; modulation frequency, 1 G;
temperature, 100 K.
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FIGURE 5: Power saturation profile for apoGAOX free radical EPR
spectra: total intensity (circles); low-power component (triangles);
high-power component (squares). Lines represent least-squares fits
to the theoretical power dependence (eqs 4 and 5): (solid line) total;
(dotted line) low-power component; (dashed line) high-power
component. Inset: Resolved spectral components derived from
model-free evolving factor analysis of data: (solid line) low-power
component; (dashed line) high-power component.

raw power saturation data is shown in Figure 5. The low-
and high-power components match the low-power (P < 100
uW) and high-power (P > 10 mW) regions of the experi-
mental data, respectively, confirming the presence of two
distinct EPR-active components, saturating at different
microwave powers, in the sample. When the data for the
discrete, resolved components were fit with eq 4, parameters
describing the saturation behavior for each component were
obtained. The primary free radical, the component which
dominates at low power, has a spectrum essentially identical
to that previously reported for the Cys-Tyr" free radical in
oxidized apoGAOX (7). This component saturates relatively
easily [P, = 86 uW (34 dB)] and has an exponential factor
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(inhomogeneity factor, b = 2.27) reflecting an essentially
Lorentzian, homogenously broadened line (which would
yield b = 3). The secondary free radical, which dominates
the EPR spectrum at high power, is clearly distinct. This
component is more difficult to saturate [P, = 4055 uW
(16 dB)], indicating a more efficient spin—lattice relaxation
mechanism, and is associated with an inhomogeneity factor
(b = 1.37) close to the Gaussian limit (corresponding to b
= 1). The relative abundance of the two components can be
estimated from the spectral amplitudes for each in the low-
power limit (Figure 5): the low- and high-power components
are found to represent 92% and 8% of the total signal
intensity at low power, respectively. Based on spin quanti-
tation, the total concentration of free radicals in the sample
(1.3 mM oxidized apoGAOX) is 0.22 mM corresponding to
an overall yield of 17%.

The results of the power saturation experiments guided
the choice of instrument settings used to acquire spectra for
each of these paramagnetic species. For each sample, both
low-power [50 uW (36 dB)] and high-power [20 mW (10
dB)] spectra were collected, and following normalization
(based on the integrated signal intensity), the appropriate
amount of the high-power spectrum was subtracted, yielding
the isolated Cys-Tyr" free radical spectrum for detailed
analysis.

EPR spectra were measured for both unlabeled apoGAOX
Cys-Tyr free radical and nine distinct isotopomers (Figure
3), prepared by selective isotopic labeling. Labeled tyrosine
was incorporated into galactose oxidase by an engineered
tyrosine auxotroph expression strain (P. pastoris TYR1) (28).
Although the isotopic substitution was selective within each
tyrosine side chain, all tyrosines in the protein were equally
labeled. The tyrosine supplied in the medium is the sole
source of this amino acid in the P. pastoris TYR1 expression
strain, so the labeling efficiency is determined by the isotopic
enrichment of the supplemented amino acid. The isotope
derivatives may be divided into four groups: ?H-labeled
(Figure 3b—e), '*C-labeled (Figure 3f—h), '7O-labeled (Fig-
ure 3i), and **S-labeled (Figure 3j). Since all of these isotopes
possess nonzero nuclear spin (/), their interactions with the
unpaired electron of the free radical split the EPR signal,
and these electron-nuclear hyperfine splittings reflect the
unpaired electron distribution of the free radical (eq 6).

For 'H/?H hyperfine analysis, spectra for samples including
only these isotopes were examined (Figure 3a—e). A total
of 21 parameters (five "H/?H hf tensor principal values, three
g-values, three line widths) were routinely included in the
simulations. >H hf tensors were scaled from the correspond-
ing 'H hf tensors based on the magnetogyric ratios for 'H
and 2H nuclei (y'H = 26.7522 x 107 rad s7! T7!; y2H =
4.1066 x 107 rad s=! T!). The electronic g-values for the
Cys-Tyr" free radical were initially optimized by analysis of
data for the perdeuterated cofactor (Figure 3e) which exhibits
the narrowest EPR spectrum (I'tynm = 9 G) (Figure 6). These
values were subsequently fixed for analysis of data for the
other isotopomers in order to evaluate the 'H hf tensor
components and then iteratively adjusted in a simulation of
perdeuterated Cys-Tyr' using the scaled *H hf tensor
components (y:H/y2H = 6.51). The Hg hf parameters were
initially optimized through simulation of the EPR spectrum
of the fully ring-deuterated derivative (Figure 3b, Figure 7b)
and subsequently refined to self-consistency over the com-
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FIGURE 6: EPR spectrum of perdeuterated Cys-Tyr. Oxidized
apoGAOX labeled with [*H;]-DL-tyrosine (0.8 mM protein in 25
mM KHPO, buffer, pH 7) and oxidized as described in the
Experimental Procedures. Inset: Second derivative EPR spectrum.
(Dashed line) XSophe simulation as described in the Experimental
Procedures using the parameters in Table 1. Instrumental param-
eters: microwave power, 50 uW; microwave frequency, 9.398 GHz;
modulation frequency, 1 G; temperature, 100 K.

plete set of EPR spectra. Ring 'H hf parameters were
optimized by iterating between spectra for corresponding
labeled and unlabeled samples. Parameters for ring '*C nuclei
were similarly obtained. The hf parameters for O and S
positions were evaluated using the self-consistent parameters
obtained for unlabeled Cys-Tyr® (g-values, hf tensors, and
line widths). The final set of hf parameters (Table 1, columns
3—5) could be used to reproduce the complete set of EPR
spectra (Figures 6-9).

Because the labeling of the tyrosine ring is symmetrical,
there is an unavoidable ambiguity in assignment of certain
positions (2°/6”, 3’/5”) which cannot be resolved directly in
these experiments. However, certain structural features of
the Cys-Tyr cofactor indirectly aid in these assignments. For
example, the lack of a ring H at the 3" position in the Cys-
Tyr cofactor (Figure 2) leaves a unique hydrogen at the 5’
position, allowing the 5’-'"H/*H hf parameters to be assigned
on the basis of data for [3’,5"->H,]tyrosine. This unique
feature also helps to resolve the ambiguity in the '3C hf
parameters for 3" and 5" positions (Figure 3g) since the carbon
and hydrogen hf interactions report on the same local electron
density and must be correlated. In other cases, remaining
ambiguity was addressed by relating to hf parameters at
neighboring, well-defined positions (vide infra). Similar
approaches were used to characterize the minority species
that gives rise to the EPR signal detected at high microwave
power.

EPR Parameters. g-Values. The self-consistently opti-
mized g-values for the Cys-Tyr* (g, = 2.0072, g, = 2.0063,
g. = 2.0024) are close to those previously reported from a
high-field EPR investigation of this free radical (g, =
2.00741, g, = 2.00641, g, = 2.00211) (/0). The axial
symmetry of the electronic g-tensor is a distinctive feature
of the ground state for the thioether-substituted phenoxyl,
very different from the strongly rhombic distortion that is
characteristic of a simple tyrosyl phenoxyl free radical (2, 3).
The latter is well documented in biological systems and is
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also observed in the high-power free radical EPR signal in
oxidized apoGAOX (vide infra). Computational studies have
indicated that the near-axial symmetry of the g-tensor for
the Cys-Tyr" free radical may be accounted for as a
consequence of unpaired electron density in the sulfur
valence shell (10, 23). Spin—orbit mixing contributions to
the g-shifts from unpaired electron density localized on the
exocyclic sulfur atom partially cancel the contributions from
unpaired electron density on the phenoxyl oxygen, leading
to a more axial g-tensor (/0). This interpretation implies that
a substantial fraction of the unpaired electron density resides
on sulfur. Alternatively, the axial g-tensor has been ascribed
to smaller spin—orbit and angular momentum matrix ele-
ments of the nz* excitation in the sulfur-substituted free
radical, consistent with a negligible contribution of sulfur
in the electronic ground state (36). The present analysis of
the pattern of unpaired electron density in the Cys-Tyr" free
radical allows these conflicting descriptions to be evaluated
in light of new experimental data.

A Lorentzian line shape is required to reproduce the shape
of the spectra for the deuterated Cys-Tyr® free radical,
particularly in the low- and high-field tails. Lorentzian
(homogeneously broadened) line shapes are relatively un-
usual in biological systems, where distributions over struc-
tural parameters (bond angles, distances) and solvation effects
typically result in inhomogeneous line broadening (Gaussian
line shape). However, the requirement for Lorentzian line
shape is consistent with the relatively large inhomogeneity
factor (b) required to fit the power saturation data (Figure
5), a value close to the Lorentzian limit. This suggests a
relatively rigid structure for the Cys-Tyr" cofactor in oxidized
apoGAOX. The residual line width that is required to fit this
spectrum, when the hyperfine contributions from the five 2H
nuclei derived from the tyrosine side chain are taken into
account, is nearly isotropic and close to 2 G (I', = 2.0 G, T,
=2.1G, T, = 2.5 G). Unresolved 'H hf splitting from the
Hp protons on the Cys228 side chain (Figure 2) may be
expected to contribute to this line width through coupling
to the unpaired electron localized on S (Figure 2). This
contribution may be estimated at approximately 2 G based
on the experimentally determined spin density on sulfur (vide
infra).

In contrast to the Lorentzian line shape required to simulate
the low-power Cys-Tyr" EPR signal, the high-power signal
in oxidized apoGAOX may be fit with a Gaussian line shape.
The g-tensor for the high-power species is also distinct (g,
= 2.0101, g, = 2.0062, g. = 2.0022), exhibiting the strong
rhombic splitting characteristic of simple, unsubstituted
tyrosyl phenoxyl.

'H Hyperfine Parameters. Replacement of all ring hydro-
gens by deuterium (Figure 3b) results in a significant
perturbation of the EPR spectrum (Figure 7b) compared to
unlabeled oxidized apoGAOX (Figure 7a), due to the
reduction in hf interactions associated with the smaller
magnetogyric ratio of the 2H nucleus. The spectral splittings
are then dominated by interactions with the S-hydrogen of
the tyrosyl side chain (Figure 2). The self-consistent hf
parameters refined for the two Hg nuclei are given in Table
1 (columns 3—5).

Unambiguous assignment of the Hg hf parameters through
analysis of selectively deuterated samples resolves incon-
sistencies in the assignments reported in previous EPR studies



Electronic Structure of the Cys-Tyr" Free Radical

Biochemistry, Vol. 47, No. 25, 2008 6643

a2y | dH?

i

d2y” | dH?

3320 3360
Magnetic Field (G)

dy’ / dH

3300

3340 3380
Magnetic Field (G)

a2y [ dH2

3300 3340 3380
Magnetic Field (G)

dy’ / dH

3340 3380
Magnetic Field (G)

3300 3320 3340 3360 3380 3340 3360

Magnetic Field (G) Magnetic Field (G)

FIGURE 7: EPR spectra for 'H/?H isotopic variants of apoGAOX free radical. Oxidized apoGAOX in 25 mM KHPO, buffer, pH 7: (a)
unlabeled (1.3 mM protein); (b) [2,2",3",5",6’->Hs]-DL-tyrosine (1.1 mM protein); (c) [3",5"-2H,]-L-tyrosine (1.1 mM protein); (d) [2,2’,6-
H;]-DL-tyrosine (1.4 mM protein). Inset: Second derivative EPR spectra. (Dashed line) XSophe simulation as described in the Experimental
Procedures using the parameters in Table 1. Instrumental parameters: microwave power, 50 uW; microwave frequency, (a) 9.399 GHz, (b)

3400 3320 3380 3400

9.396 GHz, (c) 9.395 GHz, (d) 9.400 GHz; modulation frequency, 1 G; temperature, 100 K.

Table 1: Experimental and Theoretical Electron-Nuclear Hyperfine Parameters for Cys-Tyr® Free Radical

A? (G) theoretical
label atom A«\i\‘ (G) A,Vy (G) AZ’Z (G) Aisor (G) Tzzd (G) Aisoe (G) Tzze (G) Aisof Aisog Aisoz
'H o2 0.37 2.24 0.79 1.13 —0.34 0.39 2.7 1.5 2.8
o5 —1.55" —4.15 —3.07 —2.92 —0.14 —0.95 —5.7 —4.9 —5.7
o-6’ 2.32 0.24 0.70 1.09 —0.38 0.62 1.7 0.0 1.7
p-1 13.8 15.0 13.9 14.2 —0.34 14.9 —18
p-2 8.6 9.7 7.7 8.64 —1.0 7.17
13C C-I 0.1 0.4 24 8.16 15.83 7.22 20.7 15.4
Cc-2 —6.2 —4.9 =72 —6.1 —1.1 —6.52 —1.21 -9.6
C-3 1.4 1.1 20.3 7.6 12.7 8.36 12.5 12.3
Cc-4 =7.7 —6.2 —2.1 —5.35 32 —5.40 3.11 —=7.9
Cc-5 1.7 1.7 45 2.65 1.87 0.91 291 8.6
C-6¢’ —-3.5 —2.8 —5.7 —4.0 —1.7 —5.04 —1.90 —7.1
170 (6] 2.5 3 —30 —8.17 —21.8 —7.36 —22.1 —9.6
3S S —2.25 —1.67 17.8 4.63 132 5.18 12.5 1.6

“ Total hyperfine interaction evaluated by iterative simulation of the entire set of spectra from isotopomeric GAOX derivatives as described in the
Experimental Procedures. ” Sign ambiguity resolved by reference to values for tyrosyl phenoxyl free radical. © Aiso = (Axx + Ay + A3, “To = Ay, —
Aiso- ¢ Calculated from the consensus spin distribution (Table 2) using the hyperfine coupling models. / For (2-methylthio)cresyl phenoxyl free radical
(MTC") from ref 2/ (B3LYP functional). ¢ For MTC" free radical from ref 2/ (PWP86 functional). ” For MTC® free radical from ref 22 [B3LYP

functional/6-31G(d) basis set].

on the Cys-Tyr" free radical in galactose oxidase (9, 10).
Earlier ENDOR (9) and high-frequency EPR (/0) experi-
ments correctly assigned a nearly isotropic 14.5 G hf
interaction to one of the Hg protons. However, the more
anisotropic splitting with Ajs, near 9 G was assigned in the
former case to a ring Hy proton and in the latter case to a
Hp associated with the Cys228 side chain. The present results
provide a definitive assignment of the two side chain Hg

hydrogen hf couplings, whose ratio is consistent with
predictions based on the crystallographically observed head-
group geometry of the Cys-Tyr cofactor (Figure 2b).

Simulation of the high-power spectrum for protein labeled
with ring-deuterated tyrosine yields estimates of the corre-
sponding hyperfine parameters for the secondary free radical
species, which are nearly identical with those found for the
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Table 2: Experimental and Theoretical Electron Spin Distributions for
Cys-Tyr" Free Radical

atom Pexp” Pealc” pealc? Pealc® pead”
c-1 0.27 0.35 0.34 0.28 0.32
c- —0.02 —0.16 —0.16 —0.09 —0.12
Cc-3 0.16 0.28 0.28 0.21 0.24
c-4 0.04 —-0.06 —-0.06 0.02 -0.02
C-5 0.04 0.23 0.23 0.18 0.20
Cc-6 —0.03 —0.11 —0.11 —0.03 -0.07
0 0.18 0.35 0.35 0.28 0.31
S 0.23% 0.11 0.11 0.15 0.14
b 0.9 1.0 1.0 1.0 1.0

“ Evaluated as described in the Results and Discussion. ” A range of
values (0.17—0.23) is obtained for pexp(S) depending on the value of Qs
used (eq 19). “For MTC"® free radical from ref 22 [B3LYP functional/
6-31G(d) basis set]. ¢ For MTC® free radical from ref 27 (B3LYP
functional). ¢ For MTC" free radical from ref 2/ (PWP86 functional).
7 For MTC" free radical from ref 23 (BP86 functional).

low-power species. This information limits the possible sites
of the secondary free radical species in the protein structure.

Selective substitution of the ring hydrogens by deuterium
(Figure 3c,d) also affects the Cys-Tyr® EPR spectrum, but
more subtly (Figure 7c,d). These changes allow the magni-
tude of the hf parameters for the ring hydrogens to be
estimated (Table 1). Hyperfine tensors for H, ring protons
are likely to be quite rhombic and noncoaxial with the
g-tensor, generally being oriented along the C—H bond vector
(24). Thus, as a first approximation, the orientation of the
hyperfine tensors for the ring protons was defined accordingly
(Supporting Information, Figure S1). The unique hydrogen
ortho to the phenol oxygen allows the hf parameters for the
Hqy-5" position to be assigned unambiguously. In contrast,
the 2’ and 6" positions cannot be distinguished in these
experiments, and additional information is required to make
the assignment (vide infra).

3C Hyperfine Parameters. Selective substitution of ring
carbon atoms by *C provides a relatively direct probe of
the unpaired electron density at each of the ring positions
through the magnitude of the anisotropic hyperfine coupling
(vide infra). Three substitution patterns (Figure 3f—h) were
used to determine the hf parameters for all six ring carbons.
The hf parameters obtained for the [4-'*C]tyrosine derivative
(Figure 3f) may be uniquely assigned to the C-4" (phenoxyl)
position, since it is the only position labeled in that
isotopomer (Figure 8a). The doubly labeled [3’,5'-
13C,]tyrosine yields a Cys-Tyr" that contains the isotopic
probe in two structurally distinct positions: the 3” position
(the site of the C—S covalent bond) and the 5" position
(attached to a ring hydrogen) (Figure 3g). While these two
positions are symmetrical and equivalent in an unmodified
tyrosine ring system, they are inequivalent in the Cys-Tyr
structure. This implies that the hf parameters are likely to
be distinct, and the spectral simulations do, in fact, require
two hf tensors to satisfactorily reproduce the observed
features (Figure 8b). Assignment of the two hf tensors to
one or other position is clearly a problem, which we have
addressed by correlating '*C and 'H hf data. Specifically,
the hf parameters for the unique Hy-5" are particularly
sensitive to the unpaired spin density at the neighboring
carbon, and the '3C-5’ hf tensor should be consistent with
those results. This allows assignment of the two 'C hf
tensors (Table 1).
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Hyperfine parameters associated with the remaining three
ring positions (1°, 27, 6”) (Figure 3h) were evaluated by fixing
the parameters for the 3’, 4’, and 5" positions (determined
above) during the simulation of the EPR spectrum obtained
for the [U-"3Cqltyrosine derived Cys-Tyr" (Figure 8c).
Consistent with a moderately perturbed typical tyrosyl odd-
alternant spin distribution, one of the hf tensors has a
relatively large magnitude. This tensor may be assigned to
the C-1 position, which is predicted to bear a relatively large
fraction of the unpaired electron density. This prediction is
also supported by the magnitude of the Cs—H hf interactions,
which also report on unpaired spin density at the C-1’
position (vide infra). This correlation permits unambiguous
assignment of one of the three hf tensors. The other two hf
tensors are quite similar (Table 1), and a definitive assign-
ment is not required for the remaining analysis.

70 Hyperfine Parameters. The unique oxygen in the
tyrosine side chain was substituted by the paramagnetic
isotope 7O in order to probe the oxygen valence contribu-
tions to unpaired electron distribution in the Cys-Tyr" free
radical (Figure 3i). In this case the enrichment of the isotope
was relatively low (50 atom % '70), resulting in a strong
signal from the unlabeled fraction containing the natural
abundance isotope, 'O (I = 0) (Figure 8d). Hyperfine
splitting from the high-spin (I = %/, yrO = —3.62806 x
107 rad s™' T™1) nucleus of the 'O isotope spreads the EPR
spectrum of the labeled fraction over a very wide magnetic
field range (300 G). Fitting the resulting spectrum with the
actual isotope distribution (Figure 8d) yields a high quality
simulation that allows the 7O hf parameters to be evaluated
(Table 1).

338 Hyperfine Parameters. Substitution of the paramagnetic
isotope S (I = 3/, y»S = 2.055685 x 107 rad s™! T~") for
nonmagnetic 32S and **S isotopes (combined 99.2% n.a.) in
the Cys-Tyr cofactor (Figure 3j) permits the contribution of
the thioether sulfur to the ground state unpaired electron
distribution to be experimentally measured. This is clearly
a critical aspect of the characterization of the Cys-Tyr" free
radical. The EPR spectrum of the 3S-labeled Cys-Tyr" free
radical (Figure 9) is broadened and exhibits additional
hyperfine splittings, compared to the spectrum of the
unlabeled protein (Figure 7a). Simulation of the *S-perturbed
spectrum yielded estimates of the hf tensor components
(Table 1).

These experimental electron-nuclear hyperfine data may
be compared with values obtained from density functional
calculations of the electronic ground state of the (2-
methylthio)cresyl phenoxyl (MTC") free radical (a simpli-
fied model for Cys-Tyr" free radical) in the literature
(Table 1). One of the calculations (2/) only reports proton
hf coupling constants, which are relatively uninformative
probes of the electronic structure. The calculations cor-
rectly describe the general pattern of hf interactions for
H, protons, which in turn reflects the overall odd-alternant
spin distribution for the sr-radical. However, the magnitude
of the hf coupling to the Hy-5" ring proton is significantly
overestimated. Further, where hf parameters for C, O, and
S are reported (22), the calculations systematically
overestimate the value of A, for 7O and ring carbons
and underestimate the value for 33S. It is not clear whether
this computational work was influenced by the large hf
coupling constant previously (incorrectly) assigned to He-
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5" based on ENDOR experiments (9). As described above,
this hf interaction is now definitively assigned to the

second Hyg of the tyrosine side chain (Figure 2) rather than
to Hy-5". It appears that the unexpectedly small hf
parameters for Hq-5’, assigned experimentally by selective
deuterium substitution at this unique position,are not
consistent with theoretical predictions that require a very
small thioether perturbation to the Cys-Tyr" ground state.
This analysis is extended by a reconstruction of the spin
distribution of the Cys-Tyr* free radical in the following
section.

Spin Density Reconstruction. The experimental isotropic
and dipolar hf parameters (Table 1, columns 6 and 7,
obtained as described above) serve as the starting point
for analysis of the unpaired electron distribution giving
rise to these interactions. The approach used here makes
use of local electronic structure models developed to
describe the origins of hf interactions in delocalized
m-radicals based on experimentally calibrated dipolar
tensors and semiempirical Q coefficients (proportionality
constants relating the magnitude of the unpaired spin
density on atoms within the z-system to individual Ajs,
hf values) describing the spin polarization behavior for
pairs of bonded atoms (eqs 8-20, below) (37). We make
use of these models to assign spin density to specific sites
within the Cys-Tyr framework.

The electronic structure of the Cys-Tyr" free radical is
expected to be similar to the simple tyrosyl phenoxyl free
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radical from which it is derived. The latter free radical has
been the subject of a wide range of theoretical (24) and
experimental (24-26) studies. The single unpaired electron
of the tyrosyl free radical is delocalized over the entire
conjugated sr-system, with spin density present mainly in
the p, orbitals perpendicular to the ring plane. The tyrosyl
free radical exhibits a distinctive odd-alternant spin distribu-
tion, resulting from the nodal character of the highest
occupied molecular orbital (SOMO). This pattern localizes
the unpaired electron mainly on three ring carbons (C-1’,
C-3’, and C-5’) and on the phenoxyl oxygen. A similar
pattern is predicted for the Cys-Tyr" free radical, but in the
latter case an additional contribution from the thioether sulfur
of the covalent cross-link (Figure 2) has to be considered.
Thus, eight local spin density terms (p%) must be determined
for the eight (C, O, S) nuclei (X) contributing to the 7-system
in order to define the pattern of spin density in the Cys-Tyr’
ground state.

The unpaired spin distribution interacts with magnetic
nuclei (‘H, 2H, 13C, 170, or S) via two distinct mechanisms
(37). Through-bond spin polarization effects lead to a purely
isotropic, Fermi contact contribution to the hf interaction
(37, 38), described by the isotropic hf tensor, Ajs. In addition,
dipole—dipole (through-space) interactions depend primarily
on geometry and contribute to the purely anisotropic part of
the hf interaction, the dipolar tensor, 7. Spin polarization
also induces minority (5, negative) spin density through spin-
dependent exchange interactions, making the sum of the
absolute values of atom-centered unpaired spin in the
electronic structure greater than unity, even in a free radical
with a single unpaired electron (38). Thus, while the majority
(0, positive) spin density more or less reflects the distribution
of electron density in the SOMO, oppositely signed /3 spin
density is induced on neighboring atoms. As a result, in
general the sum of o spin density over all atoms is greater
than one, although the sum over both a and 5 spins must be
unity (Zutoms(pa + P = D).

In a spin system as complex as the Cys-Tyr" free radical,
the p% value generally cannot be evaluated directly from the
hf tensor of an individual atom X, because spin polarization
makes significant contributions to the hf interactions at
neighboring atoms. Theoretical models for these local spin
polarization terms have been developed and used successfully
to interpret the isotropic hf constants for EPR spectra of a
wide range of sz-radicals. One of the best known of these
expressions is the McConnell equation for a 3-proton vicinal
to a sr-radical (eq 8) (39):

AY = B,p¢ . cos’ 0 €))

where Af¥is the isotropic part of the hf interaction for the
B-proton (Ao = (A + A,y + A)/3), B, is a constant (58
G) reflecting the magnitude of the Fermi contact interac-
tion at the f-proton for unit spin on C-1°, p&.1 is the
fractional unpaired spin in the 2p, orbital on C-1’, and 6
is the dihedral angle of the C—Hpg bond vector relative to
the p, orbital axis (Figure 2). Orientation-independent
contributions to the hyperfine interaction (including spin
polarization) are considered to be relatively small for
p-protons and are neglected in eq 8. In a protein where
the dihedral angles between the geminal -protons may
be considered fixed at 120° and both S-proton hf interac-
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tions are determined by the same value of p¢.;r on C-17,
experimental evaluation of the two Alls values allows both
p¢.1- and the dihedral angles (6 and 6”) to be determined.
This approach has been elegantly developed in a recent
paper by Svistunenko and Cooper (40). Application of this
method using data for the Cys-Tyr" free radical (Table 1)
leads to predicted values 6 = 18° and p¢.;r = 0.27. For
comparison, the crystal structure of metal-free apoGAOX
(PDB ID 1goh) indicates a headgroup dihedral 6 = 12.5°
(Figure 2b).

Interestingly, the Hg hf parameters for the secondary
free radical species detected at high power are nearly
identical to those observed for the Tyr-Cys® free radical.
On the basis of the McConnell equation (eq 8), this implies
the same dihedral geometry for both tyrosyl side chains,
allowing the potential sites for localization of the second-
ary free radical to be determined from the crystal structure,
as suggested by Svistunenko and Cooper (40). Analysis
of the structure of apoGAOX (PDB ID 1goh) indicates
that the majority of the 24 tyrosine residues in the protein
adopt a distinct conformation, with the headgroup dihedral
in the range 6 = 35—60°. Only two residues (Tyr272,
Tyr532) exhibit a headgroup dihedral near 6 = 12°,
consistent with the present EPR data. This suggests two
possibilities: that the secondary free radical represents a
small fraction of the protein that is not cross-linked or
that Tyr532, which is remote from the active site, is
capable of stabilizing a free radical. The higher relaxivity
of the secondary radical suggests a distinct protein
environment, possibly associated with greater phenoxyl
mobility, greater solvent perturbation, or interaction with
a paramagnetic center such as an adventitious metal ion.
More precise characterization of the secondary free radical
will require mutagenesis of each of the potential sites.

Dipolar coupling between the sz-electron spin density at
C-1’ and the B-protons is relatively small and essentially
independent of the side chain dihedral and is given by eq 9
(24):

07 0 0
T,=[0 —03 0 |, ©9)
0 0 —04

with principal components (7, Ty, and T;;) in gauss.

The unpaired spin density associated with the sr-bonding
system of the tyrosine ring also gives rise to hf interactions
with ring hydrogens (H,) through a spin polarization
mechanism, the magnitude of the interaction being dominated
by the spin density on the carbon atom to which the hydrogen
is bonded. The McConnell equation describing this interac-
tion is (eq 10) (41):

Age = Qgypt (10)

Here Oy describes the o—n overlap contributions to spin
polarization at the hydrogen nucleus. Previous studies on
tyrosyl free radicals have estimated a value of —24.9 G for
Ol (24).

Hyperfine interactions for ('*C) ring carbon atoms include
both dipolar (anisotropic) contributions (dominated by the
unpaired spin density in the 2p, orbital of the same atom)
and the isotropic (Fermi contact) contributions that are also
sensitive to the unpaired spin density on neighboring atoms,
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a consequence of o—u polarization effects. The dipolar term
is relatively simple (eq 11) (24, 42):

-383 0 0
To=| 0 —383 0 |of (11)
0 0 766

This expression describes the hf coupling between a '3C
nucleus and unpaired spin density in the 2p, orbital on the
same atom, with the magnitude of the tensor components
reflecting the magnitude of the magnetogyric ratio for the
13C nucleus and the radial part of the C(2p,) wave function
(42). In general, this expression can be expanded to include
a sum over neighboring atoms in order to account for dipolar
coupling at atoms with low spin density.

The isotopic hf interactions are best described by the
Karplus—Fraenkel equation (43), which parametrizes o—x
orbital mixing terms over neighboring atoms contained within
a conjugated s-system (eq 12):

3 3
Ag= (SC + QSX,.)pZ + 05 0% (12)
i=1 i=1
where SC reflects the 1s contributions and the Qs describe
the 2s contributions. The values of S€ and the Qs have been
estimated using semiempirical computational methods and
calibrated using experimental EPR data. The values —18.75,
14.44, —13.94, and 19.5 G are used in the present study for
SC, Q(Cjcr, Q(Cyc, Q(C;H, respectively (43). This approach provides
a method for estimating the contribution of local spin density
distribution to the hf interactions based on molecular
fragments, regardless of the overall structure of the free
radical. Karplus—Fraenkel theory leads to a set of equations
for the isotopic hf interactions for each of the ring carbons
(eqgs 13-16):

C-1t Acy=(8+30ce)oe + Qoclot + P+ ptr)

(13)

C-2,C-5,C-6" AG,=(S+20c0 + 05yt + 0o
(P& + p&v) ete. (14)
C-3" Aga' = (SC + 2Qgc')PJcT + QS'C(PE' + Pg) + QSSP?E +
QO5cps (15)
C-4" Ag-4’ = (SC + ngc')Pg + QE'C(PJCZ’ + Pé) + ngpg +
QocPp (16)
The expressions for A, for ring positions C-3" and C-4’
include o—sm mixing terms for the C—0O and C—S bonds,
respectively. The values used for QSO, QSC, Qgs, and Qgc

were 36, —24.3, 1.8, and 30 G, respectively (44, 45).

The unpaired spin density on the phenoxyl oxygen is
reflected in the magnitude of the hf coupling to the 7O
nucleus in the isotopically substituted Cys-Tyr cofactor
(Figure 3g). The expression for the isotropic hf interaction
includes spin polarization terms for unpaired spin density

on both oxygen and the covalently bonded ring carbon
(eq 17) (24, 44):

A9 = 00cPg + QCoPty (17)

The values for the o—s mixing terms (Q8c and Q80) were
—40 and 0 G, respectively (24, 44). The dipolar coupling

Biochemistry, Vol. 47, No. 25, 2008 6647

expression for unpaired spin density in the 2p, orbital on
oxygen, scaled by the magnitude of the radial part of the
O(2p,) wave function and the nuclear magnetogyric ratio,
is (eq 18)

60 0 0
T,=|0 60 0 |07 (18)
0 0 —120

where p¢ is the spin density in the 2p, orbital on oxygen,
the tensor components are in units of gauss, and the sign of
the magnetogyric ratio for 7O is reflected in the sign of the
tensor components.

A similar set of equations holds for the thioether
sulfur (45—49). A simple expression has been proposed for
the isotropic part (eq 19):

A= 0yt (19)

where Qs includes both s- and p-orbital contributions, with
literature values ranging from 23 to 33 G (46, 47). The
dipolar contribution takes the form (eq 20):

—27.8 0 0
Ty=| O -278 0 |pg (20)
0 0 55.6

Taken together, these expressions generate a set of 21
simultaneous equations in the 8 unknown atomic st spin
densities (p%) for the Cys-Tyr" free radical. Using global
fitting parameter minimization methods, it was possible to
solve the 21 simultaneous equations relating the (experi-
mentally determined) hf parameters to the spin densities (p%)
(eqs 8-20). This approach yields optimized, best-fit values
of the atomic spin densities (Table 2), associated with a
modified set of hf values (Table 1, columns 8 and 9)
corresponding to the consensus spin density distribution.

As expected, the pattern of unpaired electron spin recon-
structed from the hf parameters (Table 2) strongly resembles
the odd-alternant distribution predicted theoretically for
phenoxyl free radicals, and demonstrated experimentally for
simple tyrosyl free radicals, with large alternating unpaired
spin densities on the ring carbons and the phenoxyl oxygen.
However, there are significant differences from the simple
tyrosyl free radical. First, the unpaired spin localized on C-1’
is relatively small. This result is reflected in both the
magnitude of the Cs—H hf interactions and in the C-1" 13C
hf coupling. The reduction in spin density at C-1” (and other
positions) must reflect a corresponding buildup of spin
density at some other site(s). Similar reduction in spin density
(relative to the simple tyrosyl free radical model systems) is
observed for the other ring carbons, as well as for the
phenoxyl oxygen. On the other hand, the magnitude of both
isotropic and anisotropic hf interactions of the S nucleus
indicates a substantial fraction of unpaired spin density is
localized in the valence orbital of the thioether sulfur in the
Cys-Tyr* free radical.

The experimentally determined spin density on sulfur is
at the higher end of the range estimated in recent calculations
of the electronic structure of the Cys-Tyr" freeradical (10, 20-23).
The value is consistent with earlier interpretation of the
origins of the axial electronic g-tensor from compensating
oxygen and sulfur valence contributions to the g-shift (10, 23).
This provides clear evidence for delocalization of the
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unpaired electron onto the thioether side chain. It is also
consistent with the magnitude of the residual line width
observed for Cys-Tyr® derived from perdeuterated tyrosine
(Figure 6). On the basis of the C—H bond dihedrals observed
for the Cys228 headgroup geometry determined crystallo-
graphically (0 = 73°) (Figure 2), and the experimental sulfur
spin density, an isotropic hf coupling of ~2 G is predicted
for the Cys228 S-protons based on the McConnell equation
(eq 8), consistent with the magnitude of the residual line
width observed in the apoGAOX free radical labeled with
perdeuterated tyrosine (Figure 6).

The calculated **S hyperfine coupling constants reported
in Table 1, associated with a value for the sulfur contribution
to the unpaired spin density p§ = 0.23, slightly overestimate
Aiso (1.12%x) and underestimate the dipolar coupling 7,
(0.95x). The value of Qs used for evaluation of Ay, (Qs =
23 @) is the smaller of two values reported in the literature.
The larger value (Qs = 33 G) has been successfully applied
to interpreting sulfur spin densities in thiaheterocyclic free
radicals (46), while the smaller value (Qs = 23 G) has been
proven useful in the analysis of arylthioaminyl free radicals
(47). However, neither has been specifically evaluated for
thioether substituents of the type present in the Cys-Tyr
cofactor. The larger value would reproduce the experimental
Aso value with p3 as small as 0.17, but the dipolar coupling
(T,,) for the sulfur nucleus would then be more significantly
underestimated (0.87x). Thus, the experimental data are
consistent with a range of sulfur spin density (p§ =
0.17—0.23) similar to the amount of spin density localized
on the phenoxyl oxygen in the Cys-Tyr" free radical (o5 =
0.18), representing a substantial contribution to the ground
state electronic structure.

CONCLUSIONS

A systematic isotopic perturbation of the Cys-Tyr" free
radical by site-selective labeling has allowed us to extract
nuclear hyperfine parameters used to reconstruct the unpaired
spin distribution in the electronic ground state. The result
indicates an unexpectedly small unpaired electron density
on the 5’ carbon, associated with a small hyperfine interaction
for the neighboring He-5" ring hydrogen (Table 1). The small
value of the Hy-5" hyperfine coupling is consistent with
solution EPR data previously reported for the (2-methylth-
io)cresyl (MTC") model free radical, yielding 1A;,l = 3.1 G
for Hy-5" (11), close to the value we have obtained (2.9 G).
These values are less than half the magnitude of Ajs, observed
for the corresponding He-5" hydrogen in a simple tyrosyl
phenoxyl free radical (7 G), indicating a shift in the unpaired
electron distribution. Analysis of the EPR spectrum of 33S-
labeled Cys-Tyr® in galactose oxidase demonstrates a sig-
nificant unpaired spin density resides on the thioether cross-
link. Nearly equal amounts of unpaired spin density (~0.2)
are localized on the thioether sulfur and the phenoxyl oxygen
in Cys-Tyr" free radical, reflecting a substantial perturbation
of the electronic ground state relative to a Tyr® free radical.
The effect of this electronic structural perturbation on the
reactivity of the Cys-Tyr cofactor may be reflected in its
lower O—H bond dissociation energy in its reduced form,
facilitating hydrogen atom donation to O, during catalysis
(50), and in the unusually low redox potential of the cofactor,
allowing the protein to stabilize a free radical under mild
conditions.

Lee et al.

SUPPORTING INFORMATION AVAILABLE

Figure S1 defining the orientation of hyperfine tensors used
in the XSophe simulations for Ha ring protons. This material
is available free of charge via the Internet at http://
pubs.acs.org.
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