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Abstract: Multifrequency (95, 190, and 285 GHz) high-field electron paramagnetic resonance (EPR)
spectroscopy has been used to characterize radical intermediates in wild-type and Trp191Gly mutant cytochrome
c peroxidase (CcP). The high-field EPR spectra of the exchange-coupled oxoferryl-trytophanyl radical pair
that constitutes the CcP compoundI intermediate [(Fe(IV)dO) Trp•+] were analyzed using a spin Hamiltonian
that incorporated a general anisotropic spin-spin interaction term. Perturbation expressions of this Hamiltonian
were derived, and their limitations under high-field conditions are discussed. Using numerical solutions of the
completely anisotropic Hamiltonian, its was possible to simulate accurately the experimental data from 9 to
285 GHz using a single set of spin parameters. The results are also consistent with previous 9 GHz single-
crystal studies. The inherent superior resolution of high-field EPR spectroscopy permitted the unequivocal
detection of a transient tyrosyl radical that was formed 60 s after the addition of 1 equiv of hydrogen peroxide
to the wild-type CcP at 0°C and disappeared after 1 h. High-field EPR was also used to characterize the
radical intermediate that was generated by hydrogen peroxide addition to the W191G CcP mutant. Theg-
values of this radical (gx ) 2.00660,gy ) 2.00425, andgz ) 2.00208), as well as the wild-type transient
tyrosyl radical, are essentially identical to those obtained from the high-field EPR spectra of the tyrosyl radical
generated byγ-irradiation of crystals of tyrosine hydrochloride (gx ) 2.00658,gy ) 2.00404, andgz ) 2.00208).
The low gx-value indicated that all three of the tyrosyl radicals were in electropositive environments. The
broadening of thegx portion of the HF-EPR spectrum further indicated that the electrostatic environment was
distributed. On the basis of these observations, possible sites for the tyrosyl radical(s) are discussed.

Introduction

Amino acid residues have proved to be relevant for enzyme
catalysis as redox-active cofactors of an increasing number of
metalloenzymes1. Tyrosyl and tryptophanyl radicals have been
proposed to have a specific role in electron and proton-transfer
processes in photosystem II,2,3 ribonucleotide reductase,4 pros-
taglandin H-synthase,5,6 and DNA photolyase.7,8 The catalytic
intermediate of most heme catalases and peroxidases is believed
to comprise a cationic porphyrinyl radical similar to the well-
characterized compoundI intermediates of horseradish peroxi-

dase9 and chloroperoxidase.10 At variance, a tryptophanyl radical
was identified as the catalytic intermediate of cytochromec
peroxidase.11-14 The mechanism for the selective stabilization
of the porphyrinyl or tryptophanyl radicals as the catalytic
intermediates is not well-understood. From a comparative study
between the active site structure of ascorbate and cytochrome
c peroxidases, including mutations15 and theoretical calcula-
tions,15,16it was proposed that the electrostatic environment and
redox potentials of the porphyrin or the protein redox cofactors
are responsible for the selectivity.

The catalytic site of heme catalases and peroxidases consists
of an iron-protoporphyrin IX prosthetic group. The iron is
pentacoordinated and in the high-spin Fe(III) oxidation state
for the native enzymes. A common property of catalases and
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peroxidases is the formation of the highly oxidizing intermediate,
currently referred to as compoundI ,17 which catalyzes the
oxidation of various substrates (for a review, see ref 18). This
intermediate originates from the two-electron oxidation of the
native enzyme by hydrogen peroxide to generate the oxoferryl
state (Fe(IV)dO) and the concomitant formation of a porphy-
rinyl (por•+) or a tryptophanyl (Trp•+) radical cation. The
spectroscopic characterization of the radical species of CcP com-
poundI , combined with site-directed mutagenesis studies have
unequivocally identified the site of the radical formation as
Trp191.11

The axial EPR signal observed for the compoundI in
cytochromec peroxidase at 9 and 35 GHz could be modeled
by a weak exchange coupling of a tryptophanyl radical and the
oxoferryl moiety,11 including a distribution inJ values.19,20Such
a distribution of ferro- and antiferro-magnetic interaction was
also invoked to explain the very broad EPR signal of the
porphyrinyl radical intermediate in horseradish peroxidase9 and
the axial EPR signal of compoundI in Micrococcus lysodeikticus
catalase.21 The variation of the distribution in the exchange-
coupling interaction between the tryptophanyl radical and the
oxoferryl moiety has been directly correlated to the changes in
the 9 GHz EPR spectrum of the compoundI intermediate
observed for the His17522,23 and Asp23519 mutants of cyto-
chromec peroxidase.

A limited number of heme catalase and peroxidase intermedi-
ates have been studied by EPR and ENDOR spectroscopies,
two techniques that are well-suited to specifically identify the
nature of the radical species formed during the catalytic cycle.
Examples include catalases fromM. lysodeikticus,21 Proteus
mirabilis, and bovine liver24,25 and peroxidases such as the
chloroperoxidase,10 cytochromec11,19,20, lignin,26 and ascorbate15

peroxidases. For some of these enzymes, the use of the rapid-
mix freeze-quench technique combined with EPR spectroscopy
has allowed the detection of two different radical intermediates
arising from the sequential oxidation of the porphyrin macro-
cycle and a protein amino acid. Specifically, tyrosyl radical
intermediates have been reported for the peroxidase cycle of
prostaglandin synthase27,28and for bovine liver catalase.24 The
EPR spectrum of amino acid-based radicals at conventional
fields (0.3 T, 9 GHz) is dominated by partially resolved
hyperfine couplings of the electron spin and the adjacent protons.
The smallg-anisotropy inherent to such radical species is not
resolved in the 9 GHz EPR spectra. In contrast, at higher fields
(95-285 GHz), it is possible to resolve theg-anisotropy of

amino acid-based radicals. It has been demonstrated that theg-
values are sensitive to the electrostatic environment of tyrosyl
radicals.29-32 Moreover, multifrequency EPR (9-285 GHz) has
been used to better characterize the nature of the exchange
coupling interaction for twoS ) 1/2 interacting systems.33,34

We have combined multifrequency EPR and spectral simula-
tions to further characterize the [(Fe(IV)dO) Trp•+] intermediate
of wild-type cytochromec peroxidase. The tryptophanyl radical
in exchange interaction with the oxoferryl moiety can be
modeled by a powder-pattern spectrum with effectiveg-values
that depend on the interaction parameters, the zero-field splitting
(D) of the oxoferryl iron, and theg-values of the interacting
species. The use of several frequencies (9, 95, 190 and 285 GHz)
provided stricter constraints on the simulations of the EPR
spectrum. Moreover, by modeling the spin coupling as an
anisotropic interaction instead of as a sum of isotropic exchange
terms,19 it was possible to obtain a representation that was
consistent with both the frozen-solution and the single-crystal
data. We were able to clarify the issue on the narrow signal
reported previously42-44,19 for the wild-type (WT) and mutant
compoundI samples of CcP by using the greaterg-anisotropy
resolution of high-field (285 GHz) EPR and different mixing
times. We have also characterized the compoundI intermediate
of the W191G mutant CcP. The multifrequency EPR spectrum
of the W191G compoundI radical showed hyperfine couplings
andg-values that are typical of tyrosyl radicals in an electro-
positive environment. Possible candidates for the radical site
are discussed.

Materials and Methods

Sample Preparation.The WT MKT-CcP samples were obtained
from the protein expression inEscherichia coli by the plasmid
pT7CCCP under control of the T7 promoter. CcP-MKT differs from
the yeast wild type in positions 53 and 152 as well as the Met-Lys-Thr
on the N-terminus.35 The W191G mutant of CcP was constructed by
site-directed mutagenesis, overexpressed inE. coli BL21(DE3) and
purified as previously described.36 The compoundI intermediates of
the wild type and the W191G mutant CcP samples used for the EPR
measurements were prepared by manually mixing directly in the 4-mm
EPR tubes kept at 0°C 2.5 mM native enzyme (100 mM potassium
phosphate buffer, pH) 6.0) with equimolar/equivolume hydrogen
peroxide. The reaction was stopped by rapid immersion of the EPR
tube in liquid nitrogen, the overall procedure taking 15 s. For some of
the experiments, the mixing time was increased up to 2 h by further
incubation of compoundI samples in ice (see Results). Stock solutions
of hydrogen peroxide were prepared by dilution of 30% (v/v) H2O2

(Aldrich) in phosphate buffer. The concentration was determined by
absorbance measurements at 240 nm (ε ) 39.4 M-1 cm-1).37

Generation of the In Vitro Tyrosyl Radical. Single crystals of
tyrosine-HCl were obtained by slow evaporation, at room temperature,
of L-tyrosine (Sigma) dissolved in a 30% solution of hydrochloric acid.
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The crystals were irradiated with theγ-rays of a cobalt-60 source using
a dose of 7 kGy/hr for 1 h atroom temperature. Samples for HF-EPR
measurements were prepared by finely grinding the crystals and
homogenizing them in mineral oil. Samples were frozen in liquid N2

for further use.
EPR Spectroscopy.The high-field EPR spectrometer has been

described elsewhere.31 The absolute error ing-values was 1× 10-4.
The relative error ing-values between any two points of a given
spectrum was 5× 10-5. Conventional 9 GHz EPR measurements were
performed using a Bruker ER 200 spectrometer with a standard TE102

cavity equipped with a liquid helium cryostat (Oxford Instrument), a
microwave-frequency counter (Hewlett-Packard 5350B) and NMR
gaussmeter (Bruker ER035M).

Simulations of Exchange-Coupled Systems.Calculations were
based on the Hamiltonian given in the theory section. Preliminary
simulations to obtain an estimation of the coupling parameters were
carried out by using the effectiveg-values that were obtained by
perturbation theory (see theory section). In this case, variable parameters
were estimated by nonlinear minimization of the root-mean-square
difference between the calculated and experimental spectra using a
standard conjugate gradient method.38 Full calculations were processed
by incrementing the magnetic field value. For each field value, the
Hamiltonian matrix was calculated and numerically diagonalized to
obtain the eigenvalues and eigenvectors. Transition probabilities among
all possible combinations of levels were calculated and summed. The
powder spectra were obtained by calculating the resonance for 106

random orientations of the applied magnetic field with respect to the
g-axes system. The resulting orientation-integrated spectrum was
convoluted with a derivative Gaussian line shape having a suitable line
width. In the case of the full calculation, the simulated spectra were
manually scaled to the experimental data. Gaussian distributions were
obtained by the method of normal deviates.38 All of the calculations
were performed on a Digital Equipment Corporation workstation by
using local programs written in Fortran 77.

Simulations of the Tyrosyl Radical Spectra.The simulations of
the HF-EPR powder spectra of tyrosyl radicals were simulated by using
locally written Fortran programs with standard numerical routines.39

Distribution in g-values were simulated by introducing a tensor, the
principal axes of which were collinear with theg-tensor. The principal
values of the broadening tensor were the widths of Gaussian distribu-
tions along three directions.

Theory. The Hamiltonian that describes the interacting system of a
spin S ) 1 (SFe) with a spinS ) 1/2 (Srad) is given by

whereâ is the Bohr magneton;H, the applied magnetic field;grad and
gFe are theg-tensors for the radical and the iron center;D is the zero-
field splitting tensor for the iron and is assumed to be axial;∆ is the
interaction tensor; andSrad andSFe, the spin operators. The tensors were
assumed to be diagonal and collinear. Thez direction is taken along
the axis of symmetry of the zero-field splitting. Furthermore, we assume
that ∆ is diagonal. With this assumption, the Hamiltonian can be
expanded as follows in the system of axis chosen.

The interaction between the iron center and the radical results in six
energy levels. Because the values for the coupling are small compared
to the positive zero-field splitting parameter D, the EPR spectra arise
predominantly from transitions between the two lower levels. These
levels result from the coupling of themS ) 0 level of the iron with the
mS ) +1/2 andmS ) -1/2 levels of the radical.19 Perturbation theory

can be used to show that the resulting spectrum for the coupled species
can be described as a powder pattern with effectiveg-values depending
on the interaction and zero-field splitting parameters. The Hamiltonian
is split into H° and a perturbating term as follows:

We consider only the energy levels which implicate themS ) 0
manifold of the metal center.

When the magnetic field is applied along thex direction, the energies
to the second order of the two levels of interest are

and therefore,

In the case for which the Zeeman energy is small, as compared to the
zero-field splitting, it follows that

In the same way, when the field is applied along they direction, we
have

When the magnetic field is applied along thez direction, the energies
to second order are

therefore,
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When the Zeeman term is small, as compared to the zero-field splitting,
we have

As can be seen from the equations giving the effectiveg-values, the
EPR spectrum for the coupled species is independent of∆z. Calculations
based on the full diagonalization of the Hamiltonian verified the absence
of ∆z dependence for the oxoferryl iron-tryptophanyl radical system.
Therefore, only∆x and ∆y can be determined from the experimental
data, and the component of the interaction tensor along the zero-field
splitting axis remains undetermined. A second observation is that the
effectiveg-values depend on the ratio∆i/D scaled by theg-values of
the iron. In our simulations, theg-values for the radical and the iron
were fixed to values reported in the literature.40,19The values obtained
for the interaction parameters∆x and∆y are, therefore, relative to these
values. For high magnetic fields, it is not possible to obtain the simple
effectiveg-value expressions given in eqs 2-4, because the Zeeman
terms are only modestly smaller than the parameter D in the case we
study here. Hence, we expect a small but nonnegligible dependence
on the magnetic field that can be used to further constrain the
simulations.

Results

Multifrequency EPR Spectrum of the [(Fe(IV)dO) Trp •+]
Intermediate of Wild-Type Cytochrome c Peroxidase: Spec-
tral Simulations. Figure 1 shows the 10 K EPR spectra of the
compoundI intermediate of wild-type cytochromec peroxidase
that were obtained at four different frequencies (9.5, 95, 190,
and 285 GHz). The compoundI sample, used to record all four
of the spectra, was obtained in 15s by the two-electron reaction
of the high-spin ferric [Fe(III)] enzyme with hydrogen peroxide.
CompoundI has been previously assigned to a tryptophanyl
radical in weak exchange interaction with the oxoferryl
moiety.11-14,19 The 9 GHz EPR spectrum has been previously
modeled by an axialg-tensor, with effective values ofg⊥ =
2.01 andg|| = 2.04, which results from a distributed exchange
interaction (J).19 The broadening of the 9-GHz spectrum (Figure
1, bottom), as compared to those recorded at higher frequencies,
is due to hyperfine couplings; however, at higher frequencies,
the g-anisotropy dominates over the hyperfine couplings. The
spectra taken at the four different frequencies scaled roughly
with frequency. Small frequency shifts of thegx

eff andgy
eff values

were observed.gx
eff shifted by about-1 × 10-2 from 95 to

285 GHz, andgx
eff, by about-2 × 10-3.

We have simulated the compoundI CcP spectra using the
Hamiltonian given by eq 1 in the Theory Section. The parameter
D has been estimated to be∼660 GHz.9 This value was fixed
in the simulations. From pertubation analyses discussed above
(see Theory Section), the effectiveg-values clearly depend on
the ratio of the spin-coupling value to D. Therefore, the coupling
values determined from the simulations were only unique for a
given D value. Thezaxis corresponds to the zero-field splitting
symmetry axis. Because of this axial symmetry, the choice of
the directionsx and y is free. These axes are chosen by
inspection of the crystallographic structure.47a,b The plane of
the indole ring for Trp191 is almost perpendicular to the heme

plane. Thegx direction of the organic radical, which, from
theoretical considerations41a,b,c is assumed to go through the
nitrogen atom of the ring, is parallel to the heme plane.
Therefore, thex axis is chosen to coincide with thegx direction
of the radical and they axis, to coincide with thegz direction
of the radical (indole ring perpendicular). Thez axis matches,
in good approximation, thegy direction for the radical. In the
(x, y, z) axis system, theg-values for the oxoferryl moiety are
gx ) gy ) 2.25 andgz ) 1.98.9 For the tryptophanyl radical, the
g-values determined by high-field (35 GHz) EPR30 aregx)2.0033,
gy)2.0024, andgz)2.0021 (F. Lendzian, private communica-
tion). Therefore, in the system of axes chosen, we havegx )
2.0033,gy ) 2.0021, andgz ) 2.0024. The intrinsicg-values of
the radical and the iron were fixed in the simulations.

The simulated spectra are shown in Figure 1 (dotted lines),
together with the experimental data. The simulations accurately
reproduce the frequency-dependent shifts of the effectiveg-
values. To reproduce the large width of thegx

eff edge, as well
as the high field tail of the signal (which results from the breadth
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1968, 794-780. (c) Mezzetti, A.; Maniero, A. L.; Brustolon, M.; Giacometti,
G.; Brunel, L.-C.J. Phys. Chem. A1999, 103, 9636-9643.

(47) (a) Finzel, B. C.; Poulos, T. L.; Kraut, J.J. Biol. Chem.1984, 259,
13027-13036. (b) Edwards, S. L.; Xuong, N.; Hamlin, R. C.; Kraut, J.
Biochemistry1987, 26, 1503-1511.
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Figure 1. Multifrequency EPR spectra of the compoundI intermediate
[(Fe(IV)dO) Trp•+] of wild-type cytochromec peroxidase. Spectra (1
scan) were recorded at 4 K and with a field modulation of 20 G. The
simulated spectrum (dotted lines) is shown, together with the experi-
mental spectrum for each frequency.

Tryptophanyl and Tyrosyl Radical Intermediates J. Am. Chem. Soc., Vol. 123, No. 21, 20015053



of the gy
eff peak), it was necessary to use a distribution about

the values of∆x and∆y, as already pointed out by Houseman
and co-workers.19 We modeled these distributions with Gaussian
functions centered on∆i and with a half-width at half-maximum
of σi. The parameters obtained for the interaction are∆x ) -4.9
GHz with a distributionσx ) 1.5 GHz and∆y ) -0.5 GHz
with a distributionσy ) 3.5 GHz. A larger distribution for∆y,
as compared to∆x, was required in order to properly fit the
high-field tail of the EPR spectrum, as well as the relative
amplitude ratio of the main features of the spectrum.

High-Field (285 GHz) EPR Spectrum of the
[(Fe(IV)dO) Trp •+] Intermediate in Wild-Type Cytochrome
c Peroxidase. Three different compoundI samples were
obtained by mixing at 0°C wild-type enzyme with equimolar
hydrogen peroxide for 15 s, 60 s, and 2 h before freezing. The
9-GHz EPR spectra of the three wild-type compoundI samples
confirmed that the ferric heme iron of the native enzyme was
fully oxidized for all three of the different mixing times (data
not shown). Theg ≈ 2 region of the 9-GHz EPR spectra showed
the [(Fe(IV)dO) Trp•+] signal that was previously reported
(Figure 2). In such spectra, the only noticeable difference
between the compoundI samples obtained at mixing times of
15 s and 60 s was the extra intensity contributing to the higher
field region of the 9-GHz spectrum (arrows, Figure 2). The
existence of such a narrow radical signal superposed to that of
the exchange-coupled tryptophanyl radical has been a contro-
versial issue in previous studies of the compoundI in wild-
type CcP and most of its mutants.42-44,19

Figure 3 shows the 285-GHz EPR spectra, recorded at 4 K,
of the compoundI samples obtained at mixing times of 15 s
(top), 60 s (middle) and 2 h (bottom). The three spectra showed
the EPR signal assigned to the exchange-coupled tryptophanyl
radical (see previous section). Comparison of the HF-EPR
spectra of the sample prepared with reaction times of 15 s and
60 s (Figure 3, top and middle) clearly shows that when the
mixing time was increased to 60 s, a new EPR signal was
superposed to that of the exchange-coupled tryptophanyl radical.
Interestingly, after a longer reaction time (2 h) of the WT CcP
with hydrogen peroxide in ice, the new EPR signal decreased
considerably (Figure 2, bottom), but the tryptophanyl radical
signal remained substantially unchanged.45

Figure 4, bottom, shows the spectrum that was obtained by
subtracting the HF-EPR spectra of the wild-type CcP compound
I obtained at 60-s and 15-s mixing times. The difference
spectrum corresponds to the short-lived radical species formed
for a mixing time of 60 s. The powder-pattern spectrum showed
three main field positions with observedg-values of 2.00644,
2.00436, and 2.00208. The difference spectrum was very similar
to the neutral tyrosyl radical spectrum of bovine liver catalase,
including the broadgx-edge (Figure 4, bottom). The addi-
tional resonance in the difference spectrum, for which the
observedg-value is 2.00282, was a subtraction artifact (asterisk,
Figure 4).

Multifrequency EPR Spectra of the Compound I Inter-
mediate in the W191G Mutant of Cytochromec Peroxidase.
The W191G compoundI was obtained by the 15-s reaction of
the mutant CcP with equimolar hydrogen peroxide. Figure 5
shows the 9-GHz EPR spectrum of the compoundI intermediate
of the mutant CcP recorded at 80 K. Such spectrum overlaps
well with the tyrosyl radical (Tyr•D) in Photosystem II (dotted
lines). Thus, we assign the W191G compoundI spectrum to a
tyrosyl radical with the same proton hyperfine couplings as TyrD

•

(Table 1). The power saturation study on the CcP radical gave
a P1/2 of 0.375 mW at 20 K, which is higher than that of the
tyrosyl radicals in bovine liver catalase (P1/2 ) 0.060 mW at
20 K) and PSII. Spin quantification of the radical signal yielded
∼0.2 spins/heme.

HF-EPR was used to further characterize the radical inter-
mediate formed in the W191G mutant CcP. Figure 6, middle,
shows the HF-EPR spectra of the W191G compoundI recorded

Figure 2. The 9-GHz EPR spectra of the [(Fe(IV)dO) Trp•+]
intermediate of wild-type cytochromec peroxidase obtained at different
mixing times. The arrows indicate the minor differences between the
spectra. Experimental conditions: temp, 4 K; microwave frequency,
9.437 GHz; modulation amplitude, 5 G; modulation frequency, 100
kHz; microwave power, 2 mW.

Figure 3. High-field (10 T, 285 GHz) EPR spectra of the [(Fe-
(IV)dO) Trp•+] intermediate of wild-type cytochromec peroxidase
obtained at different mixing times. The arrows indicate the presence
of another radical species (see text). Spectra were recorded at 4 K using
a field modulation of 20 G and a frequency modulation of 30 kHz.
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at 190 and 285 GHz. The envelope of the HF-EPR spectrum is
dominated byg-anisotropy, with resolved proton hyperfine

coupling pattern mainly observed on the higher-field edge of
the spectrum. The field positions of the three readily observed

Figure 4. Expansion of the higher-field region of the [(Fe(IV)dO)
Trp•+] intermediate spectra from Figure 3. The arithmetic difference
between the 15-s and 60-s mixing time spectra (see text) is shown,
together with the tyrosyl radical of bovine liver catalase.31 The W191G
compoundI spectrum (gray dotted lines), recorded at 20 K and a field
modulation of 5G, is superposed onto the difference spectrum.

Figure 5. The 9-GHz EPR spectrum of the compoundI intermediate
of the W191G mutant cytochromec peroxidase. The spectra of the
tyrosyl radical in Photosystem II (Tyr•

D) is shown as a dotted line.
Experimental conditions: temp, 80 K (10 K for Tyr•

D); microwave
frequency, 9.441 GHz; modulation amplitude, 0.6 G (2.4 G for Tyr•

D);
modulation frequency, 100 kHz; microwave power, 0.05 mW (2 mW
for Tyr•

D).

Table 1. Comparison of theg and Proton Hyperfine Couplinga

Tensors of CompoundI in the Mutant (W191G) Cytochromec
Peroxidase with the in Vitro and PSII Tyrosyl Radicals.

in vitro
Tyr•

HCl
d

PSII
Tyr•

D
b

PSII
Tyr•

D
c

W191G
CcP cpd Id

gx 2.00658 2.00740 2.00756 2.00660
gy 2.00404 2.00425 2.00432 2.00425
gz 2.00208 2.00205 2.00215 2.00208
σx 0.00032 0.000036 0.00050

H3,5Ax -25.2 -25.4 -24.0 -24.0
Ay -8.7 -7.2 -3.0 -3.0
Az -18.2 -19.5 -19.0 -19.0

φ3,5, deg 22 23 26 26

H2,6 Ax 5.0 4.48 5.0 5.0
Ay 5.0 7.28 5.0 5.0
Az 5.0 4.48 5.0 5.0

φ2,6, deg 0 10 0 0

Ηâ1 Ax 39.2 20.2 31.0 31.0
Ay 39.2 29.3 28.0 28.0
Az 39.2 20.2 27.0 27.0

Ηâ2 Ax 4.1 5.2 7.0 7.0
Ay 15.7 14.3 9.0 9.0
Az 7.8 5.2 3.0 3.0

a MHz. b SynechocystisPSII: g-values from ref 30 and hyperfine
couplings from refs 53, 54.c Spinach PSII from ref 39.d This work.

Figure 6. High-field 285 (solid black line) and 190 (solid gray line)
GHz EPR spectra of the tyrosyl radicals in Photosystem II (top), the
W191G mutant cytochromec peroxidase (middle), andγ-irradiated Tyr-
HCl crystals (bottom). The simulation of the 285 GHz spectrum of the
CcP tyrosyl radical is superposed onto the experimental spectrum
(dashed line). Spectra were recorded at 10 K, except for the CcP radical
(20 K). In each case, the spectrum represents 1 scan and was obtained
using a field modulation of 5 G (3 G for PSII).
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features of the W191G compoundI radical spectrum agree well
with the principalg-values of other tyrosyl radicals (Figure 6).
Specifically, theg-values of the compoundI radical are almost
identical to those of the in vitro tyrosyl radical (Table 1),
including the broadgx component (Figure 6, bottom). Com-
parison of the 285 and 190 GHz-EPR spectra of the W191G
compoundI , both plotted ing-values (Figure 6, middle), showed
that the width of thegx component is invariant and is the result
of a distribution ing-values, which is similar to that of the in
vitro Tyr• (Figure 2, bottom). By contrast, the broadening
observed for thegz component at the lower microwave frequency
was purely due to hyperfine couplings (spin-spin interactions),
as for the PSII Tyr•D (Figure 6, top).

The powder pattern spectrum of the W191G compoundI
could be best simulated withg-values of 2.00660, 2.00425, and
2.00208 forgx, gy, and gz respectively, and using the same
hyperfine couplings of the PSII Tyr•

D (see ref 39 and references
therein). A distribution ingx-values (with a Gaussian width of
0.0005) was needed to reproduce the broad low-field edge of
the spectrum. The parameters used in the simulations are shown
in Table 1, and the simulation is superposed to the experimental
spectrum (dashed lines in Figure 6, middle).

High-Field EPR Spectrum of the In Vitro Tyrosyl Radical .
Tyrosyl radicals can be obtained in vitro byγ-irradiation of
tyrosine crystals. The HF-EPR spectrum, recorded at 285 and
190 GHz, of the in vitro tyrosyl radical (Tyr•

HCl) is shown in
Figure 6, bottom. As expected, the powder spectrum was
dominated byg-anisotropy with a resolved hyperfine pattern.
The parameters used for the simulation of the HF-EPR spectrum
(Figure 7, middle) are shown in Table 1. A distribution ingx-
values was needed to reproduce the broad low-field edge of
the experimental spectrum. The HF-EPR spectrum showed that
at least one other radical species was formed, together with the
Tyr•

HCl. The EPR signal of such radical(s) mostly contributes
at field positions between thegy andgz of the Tyr•HCl spectrum,
as shown by the difference between the experimental and the
simulated spectra (Figure 7, bottom). Longer exposures of the
crystals to γ-irradiation gave a HF-EPR spectrum with an
increasing proportion of other radical species relative to the
Tyr•

HCl (Supporting Information). The simultaneous formation
of other radical species in the irradiated tyrosine crystals was

not completely unexpected and has been reported previously.46a,c

Although the original work on irradiated single crystals did not
detect phenoxy-ring hydrogen addition products, they are known
to occur in polycrystalline samples.46a,b Such species have a
protonated phenoxy oxygen and lost aromaticity. The reduced
g-anisotropy of the contaminating radical, as compared with
the tyrosyl radical seen in the difference spectrum in Figure 7,
is consistent with the loss of spin on the oxygen atom as a result
of protonation.29a Even in the presence of the contaminating
radical signal, it is possible to identify the likelygy and gz

features of the Tyr•HCl on the basis of the relatively large library
of HF-EPR spectra of tyrosyl radicals.29-32 These features are
much less sensitive to their environment.

Discussion

HF-EPR Spectrum of the (Fe(IV)dO) Trp •+) Intermediate
in Wild-Type Cytochrome c Peroxidase. In contrast to a
previous study,19 we chose to model the interaction by a
generalized spin-interaction Hamiltonian represented by a
diagonal tensor, the principal axes of which are collinear with
the g-tensors. Such interaction leads to a set of three effective
g-values given by eqs 2-4. These expressions were rigorously
expanded in terms of the differentgi and∆i (wherei denotes
thex, y, andz components) because of the higher resolution of
high-field EPR with respect tog-anisotropy. However, it is clear
that the spectra in Figure 1 cannot be characterized exactly by
a single effectiveg-tensor. In contrast to the results predicted
by perturbation theory, the turning points of the experimental
spectra were field-dependent. A full Hamiltonian treatment was
required to reproduce this behavior. Such an observation was
made possible only by a multifrequency high-field EPR ap-
proach, where the effectiveg-anisotropy was dominant over the
hyperfine interaction (Figure 1). In addition, as in the earlier
work by Houseman,19 distributions about the values∆x and∆y

were required in order to properly fit the line shape of the EPR
spectrum.

The description of the magnetic state for compoundI by a
weak interaction between the oxoferryl species and the tryp-
tophanyl radical was first proposed by Houseman and co-
workers (ref 19 and references therein). Their model was able
to properly account for the apparently abnormal EPR signal
observed for this state; however the values they obtained for
the interaction components differ from ours. This is most likely
the result of a difference in the modeling of the interaction.
Houseman and co-workers have chosen to use a sum of isotropic
exchange terms,-JSFe‚Srad. In this representation, they obtained
two contributions: two-third of the population exhibits an
antiferromagnetic coupling centered at-1.45 GHz and with a
distribution width of 1.2 GHz, and the remainder third of the
population exhibits a ferromagnetic coupling centered at+2.9
GHz with a distribution width of 0.6 GHz. The authors note
that the EPR spectra can be equally well-reproduced by a
Heisenberg Hamiltonian withJ described as a sum of three
terms, as compared with the use of a spin-coupling tensor.19

The fundamental difference between the two models is that
Houseman and co-workers assume a purely isotropic spin-spin
interaction, whereas in the present work, an anisotropic interac-
tion is used. The anisotropic model has two contributions, the
isotropic component due to Heisenberg exchange and an
anisotropic component due to dipolar coupling. In principle, it
is possible to obtain the isotropic component of the anisotropic
interaction by calculating the trace of the tensor; however, as
discussed above, the spectra are to the second order independent
of the z component of the spin-coupling tensor, and therefore,

Figure 7. Experimental (top) and simulated (middle) high-field EPR
spectrum of the in vitro tyrosyl radical obtained byγ irradiation of
Tyr-HCl crystals. The spectrum (1 scan) was recorded at 10 K using
a microwave frequency of 284.56 GHz and a field modulation of 5 G.
The crystals were finely ground and homogenized in mineral oil to
avoid orientation of the tyrosyl radical with the magnetic field.
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in general it is not possible to directly determine the trace. The
fact that the component of the interaction along they axis is
essentially zero leads to the conclusion that the dipolar and
exchange contributions exactly cancel along this direction. If
we assume a point-dipole model, the dipole-dipole vector can
be oriented in one of three possibilities (i.e., alongx, y, or z).
However, only the case in which the dipolar vector is alongx
yields parameters that are consistent with the values obtained
for ∆x and ∆y as well as the necessary requirement that the
dipole coupling coefficient (δ ) µ0gFegradâ2/4πr3) be a positive
value. This leads to∆x ) J - 2δ and∆y ) J + δ, and values
can therefore be calculated forJ andδ. Using this approxima-
tion, the exchange couplingJ is -2.3 GHz, which is comparable
to the value obtained by Houseman and co-workers for the
antiferromagnetic contribution (-1.45 GHz19). The dipole
coupling value, 1.8 GHz, yields a spin-spin distance of 3.1 Å,
which is inconsistent with the crystal structure47a (7.1 Å from
iron to indole nitrogen).48 The discrepancy is probably due to
the inadequacy of the point-dipole approximation for calculat-
ing distances in such cases, rather than the assumption of
collinearity of the dipole vector with theg-axis. The crystal-
lographic structure suggests that the dipole vector is rotated in
thexzplane of theg-tensor and is not collinear with either axis.
Preliminary calculations using a rotated interaction tensor that
is consistent with the structure did not yield better fits or
significantly weaker couplings.

One way to distinguish between the purely isotropic and
anisotropic models is to examine single-crystal data. For an
anisotropic interaction, the EPR spectrum of a single crystal
sample is predicted to be a single line. In contrast, when the
coupling is a sum of two isotropic contributions, the EPR spectra
is constituted by two lines; that is, each contribution gives rise
to a single line. Indeed, only one component was found during
the analysis of the single crystal data, but measurements done
on a polycrystalline sample gave essentially the same results
as in frozen solution.19 This is fully consistent with a single
interaction tensor and supports our modeling of the spin-
coupling interaction, as compared to a sum of isotropic terms.
In this regard, because the shifts of theg-values,gx

eff-gx
rad and

gy
eff-gy

rad, induced by the interaction are different, it follows
that the interaction in this case must have anisotropic character.
A single essentially isotropic interaction is unable to account
for the observed experimental spectra.

Tyrosyl Radical Intermediate in W191G Cytochrome c
Peroxidase.The HF-EPR spectrum of the in vitro tyrosyl radical
confirmed the previously reportedg-values.46aIn particular, the

low gx-value (2.00658) can be directly correlated to an
electrostatic effect (electropositive) of the environment on the
tyrosyl radical.29a,bAdditional information concerning the mi-
croenvironment of the Tyr•

HCl was also obtained from the HF-
EPR spectrum. The broadgx-value is indicative of an inhomo-
geneous environment, similar to that of the tyrosyl radicals in
Photosystem II (Tyr•Z)30 and bovine liver catalase31 (Figure 4).

We have used high-field EPR to characterize the peroxide
intermediate of the CcP mutant in which Trp191 was replaced
by a glycine residue. The powder-pattern spectrum of the
W191G compoundI could be best simulated with the sameg-
values as those of the in vitro tyrosyl radical. In contrast, the
hyperfine couplings (observed both at conventional and higher
fields) were the same as those of Tyr•

D in Photosystem II. From
these observations, we conclude that the radical intermediate
in the mutant CcP is a tyrosyl radical with the sameg-tensor as
the Tyr•HCl and proton-hyperfine coupling tensor as PSII Tyr•

D

(Table 1).
Taking into account the information regarding the electrostatic

microenvironment of the tyrosyl radical obtained from the high-
field EPR spectrum of the W191G compoundI , we examined
the three-dimensional structures of the 14 tyrosines in the mutant
CcP.36 Residues at positions 251, 244, 187, and 153 are good
candidates for the radical site. Those tyrosines are on the
proximal side and relatively close to the heme iron (<17 Å).
The low gx-value of the in vitro tyrosyl radical is due to the
effect of an electropositive environment, specifically to the
presence of a strong hydrogen bond at a distance of 1.60 Å,
and donated by the protonated carboxylic group of a neighboring
tyrosine.49aPresumably, a positively charged residue could yield
the samegx-value.29b The distances to possible hydrogen-bond
donors and positively charged amino acid residues related to
the tyrosine residues in W191G CcP are given in Table 1. The
combined effect of hydrogen bond(s) donor(s) and positive
charges in the microenvironment of tyrosines 251, 244, and 187
would explain the lowgx-value (with maximum at 2.00660)
and the broadening (distribution of 0.0005) observed for the
tyrosyl radical of W191G compoundI . Interestingly, the strong
hydrogen bond formed by the carboxyl group of Asp261 (1.62
Å) on Tyr251 would be equivalent in strength to that observed
for the in vitro tyrosyl radical and would explain the almost
identicalg-values (Table 1). Alternatively, Tyr244 and Tyr187
are also interesting candidates because of the presence of
structural water(s) at hydrogen-bonding distance(s) together with
a close lysine. Finally, the dihedral angles (θ) related to the
â-protons of tyrosines 251 and 244 obtained from the crystal
structure36 of the W191G mutant CcP are in good agreement
with those estimated from the experimental hyperfine couplings.

In a previous study, Tyr236 was proposed as the radical site
because of the covalent modification due to the reaction of the
mutant CcP with hydrogen peroxide and 2-aminothiazole.50 As
shown in Table 2, Tyr236 is very isolated (no potential hydrogen
bond donors or positively charged amino acid residues close
by). Accordingly, thegx-value of such a tyrosyl radical should
be similar to that of the tyrosyl radical in ribonucleotide
reductase29 (2.00890) and, thus, inconsistent with that observed
in this work (2.00660). The reaction of CcP with hydrogen
peroxide and 2-aminothiazole was carried out at room temper-
ature; thus, it is likely that the tyrosine residue previously
identified (Tyr236)50 became oxidized by intermolecular electron
transfer from the compoundI tyrosyl radical that was observed

(48) A similar situation has been encountered in the treatment of the
coupling between the nonheme iron and a semiquinone radical in bacterial
reaction centers in which the distance that is obtained from the anisotropic
spin-spin interaction coupling is also underestimated by a factor of 3 (see
Buter, W. F.; Calvo, R.; Fredkin, D. R.; Issacson, R. A.; Okamura, M. Y.;
Feher, G.Biophys. J.1984, 45, 947-973).

(49) Frey, M. N.; Koetzle, T. F.; Lehman, M. S.; Hamilton, W. C.J.
Chem. Phys.1973, 58, 2547-2556.

(50) Musah, R. A.; Goodin, D. B.Biochemistry1997, 36, 11665-11674.

Table 2. Environment of Candidates for the Tyrosyl Radical Site
in the W191G Mutant Cytochromec Peroxidase.

Tyr position Tyr251 Tyr244 Tyr187 Tyr153 Tyr236

Hâ dihedral angle,
deg

67 66.4 3.7 0.7 82.5

OTyr-Fe dist, Å 16.7 14.0 11.6 11.8 18.9
H bond donor(s) Asp261 water 328 waters 345,

346
none none

H bond dist, Å 1.62 1.66 1.9, 2.3
Lys residue Lys257 Lys243 Lys149 Lys149 Lys
NHLys-OTyr dist, Å 4.3 7.5 7.0 5.5 13.0
Arg residue Arg166 Arg155 none Arg160 none
NHArg-OTyr dist, Å 3.8 4.3 7.0
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in this work. Further studies with mutants on these tyrosine
residues could be helpful in discerning among the possible
candidates for the radical site.

The “Narrow” EPR Signal in Wild-Type CcP Compound
I. The observation of an additional “narrow” signal on the 9
GHz EPR spectrum of the compoundI in wild-type CcP has
been a controversial issue since the early report of Hori and
Yonetani42 on the single-crystal EPR studies performed at 3, 9,
and 35 GHz. From such studies, the authors concluded that the
narrow radical signal should originate from the oxidation of a
protein residue that is different from the compoundI radical
species. Other authors also found an additional narrow radical
signal in the 9 GHz EPR of compoundI (frozen solution)
present in lower concentrations (10-20%).43,42,51By contrast,
relaxation measurements made by using pulsed EPR on the CcP
compoundI samples prepared by Hoffman and co-workers
provided no evidence of an additional radical species.19

In all of these studies, the mixing time used to prepare the
CcP compoundI was not mentioned by the authors, with the
exception of Fishel and co-workers.44 In the latter, 1-1.5-fold
excess of hydrogen peroxide was used to prepare the compound
I samples using a mixing time of 1 min. For such experiments,
the native enzyme concentration was 0.2-0.7 mM.44 Hoffman
and co-workers used native enzyme (about 1 mM) in 30-60%
glycerol with 2-5-fold H2O2 excess, but the mixing time was
not quoted.19 These authors interpreted the presence of an
additional narrow radical reported by Hori and Yonetani42 or
Goodin and co-workers43 as the result of overoxidation in
compoundI samples that were not properly prepared or as a
result of a subset of molecules for which the tryptophanyl radical
was not magnetically coupled to the oxoferryl heme.

We have monitored the compoundI formation by using
HF-EPR and different mixing times. Our results show that the
exchange-coupled tryptophanyl radical was readily formed
within 15s and was stable for at least 2 h at 0°C. Another radical
species was formed when using a mixing time of 1 min; it almost
disappeared when the sample was incubated for 2 h. The higher
resolution ofg-anisotropy obtained at higher fields allowed
us to clearly resolve two different radicals by theirg-values
(Figure 3). The previous observations concerning the presence
of a narrow radical (see, for example, ref 44) were based on
subtle differences in the EPR spectra at conventional fields
(Figure 2).

The controversial EPR results concerning the narrow radical
species previously reported by the different groups, as well as
the importance of the mixing dynamics (mixing time, sample
concentration, viscosity, temperature) can be rationalize by our

findings. Fishel and co-workers44 observed the narrow radical
species when spending 1 min to mix the native (WT) CcP with
H2O2. Hoffman and co-workers, who did not specify the mixing
time, used, in addition, 30 to 60% glycerol in their native CcP
samples.19 In the latter case, the glycerol made the native sample
more viscous, thus changing the conditions of the reaction.
Accordingly, the absence of the second radical species in such
samples can be reasonably explained by the fact that the short-
lived species had already vanished, as demonstrated by our
experiments (Figure 3).

The HF-EPR spectrum of the short-lived radical in wild-type
CcP is very similar to that of the tyrosyl radical observed for
the W191G compoundI (Figure 4). In both cases, they are
formed in low concentration (10-20%). Moreover, theg-
anisotropy (defined as∆g ) |gx - gy|) of the short-lived radical
is too large (0.0046) for that of an uncoupled tryptophanyl
radical (∆g ) 0.0012).40 Thus, in agreement with previous
suggestions, we propose that the short-lived species is a tyrosyl
radical.52 The essentially identicalg-values and distribution in
gx-value that were obtained from the HF-EPR spectra of the
tyrosyl radicals in wild-type and W191G mutant CcP (Figure
4) strongly suggests an equivalent electropositve environment
for both of the radicals. Accordingly, the good candidates for
the radical site found in both enzymes are the three tyrosines at
positions 251, 244, and 187 (Table 2). Site-directed mutagenesis
on such tyrosine residues or on their microenvironment com-
bined with HF-EPR spectroscopy is a powerful approach to
discern among these possibilities.
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