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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 oxoteytgphanyl radical pair

that constitutes the CcP compounihitermediate [(Fe(I\A=O) Trp't] were analyzed using a spin Hamiltonian

that incorporated a general anisotropic sgspin 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 OC 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 mutapt. The
values of this radicalgy = 2.00660,g, = 2.00425, andy, = 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 by-irradiation of crystals of tyrosine hydrochloridg & 2.00658 g, = 2.00404, andj, = 2.00208).

The low gy-value indicated that all three of the tyrosyl radicals were in electropositive environments. The
broadening of thegy 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 dasé and chloroperoxidasé€ At variance, a tryptophanyl radical
was identified as the catalytic intermediate of cytochrome
peroxidasél 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 mutatidsand theoretical calcula-
H’ons,lf’vlﬁit 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
*To whom correspondence should be addressed: Centre d'Etudes deof an iron—protoporphyrin IX prosthetic group. The iron is

Ef‘;rlg’ TS;.CT;?, dleegBlgngrgzeanX; ' Fi\it-ir????zi 3911381 Bg'fiiurgxf;f' pentacoordinated and in the high-spin Fe(lll) oxidation state

Amino acid residues have proved to be relevant for enzyme
catalysis as redox-active cofactors of an increasing number of
metalloenzymé's Tyrosyl and tryptophanyl radicals have been
proposed to have a specific role in electron and proton-transfer
processes in photosysten?fi ribonucleotide reductasepros-
taglandin H-synthase® and DNA photolyasé® The catalytic
intermediate of most heme catalases and peroxidases is believe
to comprise a cationic porphyrinyl radical similar to the well-
characterized compouridntermediates of horseradish peroxi-
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peroxidases is the formation of the highly oxidizing intermediate, amino acid-based radicals. It has been demonstrated thgt the
currently referred to as compourd” which catalyzes the  values are sensitive to the electrostatic environment of tyrosyl
oxidation of various substrates (for a review, see ref 18). This radicals?®-32 Moreover, multifrequency EPR {285 GHz) has
intermediate originates from the two-electron oxidation of the been used to better characterize the nature of the exchange
native enzyme by hydrogen peroxide to generate the oxoferryl coupling interaction for twdS = 1/2 interacting systents:34
state (Fe(IVy=0) and the concomitant formation of a porphy-  We have combined multifrequency EPR and spectral simula-
rinyl (por*) or a tryptophanyl (Trp’) radical cation. The tions to further characterize the [(Fe(F#D) Trp'+] intermediate
spectroscopic characterization of the radical species of CcP com-of wild-type cytochrome peroxidase. The tryptophanyl radical
poundl, combined with site-directed mutagenesis studies have in exchange interaction with the oxoferryl moiety can be
unequivocally identified the site of the radical formation as modeled by a powder-pattern spectrum with effectivealues
Trpl9o1t that depend on the interaction parameters, the zero-field splitting
The axial EPR signal observed for the compoundn (D) of the oxoferryl iron, and ther-values of the interacting
cytochromec peroxidase at 9 and 35 GHz could be modeled species. The use of several frequencies (9, 95, 190 and 285 GHz)
by a weak exchange coupling of a tryptophanyl radical and the provided stricter constraints on the simulations of the EPR
oxoferryl moiety*! including a distribution ird values!®2°Such spectrum. Moreover, by modeling the spin coupling as an
a distribution of ferro- and antiferro-magnetic interaction was anisotropic interaction instead of as a sum of isotropic exchange
also invoked to explain the very broad EPR signal of the terms?® it was possible to obtain a representation that was

porphyrinyl radical intermediate in horseradish peroxi@asel
the axial EPR signal of compoumdn Micrococcus lysodeikticus
catalasé! The variation of the distribution in the exchange-

consistent with both the frozen-solution and the single-crystal
data. We were able to clarify the issue on the narrow signal
reported previoush#—4419for the wild-type (WT) and mutant

coupling inte_raction between the tryptophanyl radical and th.e compound samples of CcP by using the greatganisotropy
oxoferryl moiety has been directly correlated to the changes in resolution of high-field (285 GHz) EPR and different mixing

the 9 GHz EPR spectrum of the compouhdntermediate
observed for the His17523 and Asp23% mutants of cyto-
chromec peroxidase.

times. We have also characterized the compduntermediate
of the W191G mutant CcP. The multifrequency EPR spectrum
of the W191G compountradical showed hyperfine couplings

A limited number of. heme catalase and peroxidase intermedi- andg-values that are typical of tyrosyl radicals in an electro-
ates have been studied by EPR and ENDOR spectroscopiespositive environment. Possible candidates for the radical site

two techniques that are well-suited to specifically identify the

nature of the radical species formed during the catalytic cycle.

Examples include catalases frowh lysodeikticug! Proteus
mirabilis, and bovine livet*2> and peroxidases such as the
chloroperoxidasé? cytochromec!1920 lignin,26 and ascorbaté

are discussed.

Materials and Methods

Sample Preparation. The WT MKT-CcP samples were obtained

peroxidases. For some of these enzymes, the use of the rapidtrom the protein expression ifEscherichia coliby the plasmid

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-

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-terminu$® The W191G mutant of CcP was constructed by
site-directed mutagenesis, overexpresseét.ircoli BL21(DE3) and

F:ycle anq a protein amino acid. Specifically, tYFOSW radical purified as previously describé8The compound intermediates of
intermediates have been reported for the peroxidase cycle ofthe wild type and the W191G mutant CcP samples used for the EPR

prostaglandin synthage?®and for bovine liver catalasé.The

measurements were prepared by manually mixing directly in the 4-mm

EPR spectrum of amino acid-based radicals at conventional EPR tubes kept at @C 2.5 mM native enzyme (100 mM potassium

fields (0.3 T, 9 GHz) is dominated by partially resolved

phosphate buffer, pH= 6.0) with equimolar/equivolume hydrogen

hyperfine couplings of the electron spin and the adjacent protons.Peroxide. The reaction was stopped by rapid immersion of the EPR
The smallg-anisotropy inherent to such radical species is not tube in liquid nitrogen, the overall procedure taking 15 s. For some of

resolved in the 9 GHz EPR spectra. In contrast, at higher fields

(95—-285 GHz), it is possible to resolve thgeanisotropy of

the experiments, the mixing time was increased @ h by further

incubation of compountlsamples in ice (see Results). Stock solutions
of hydrogen peroxide were prepared by dilution of 30% (v/A$DK
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referred to as compound ES to differentiate the protein-based radical in absorbance measurements at 240 ars (39.4 M1 cm™1).37

CcP from the porphyrin-based radical in horseradish peroxidase.
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The crystals were irradiated with thyerays of a cobalt-60 source using  can be used to show that the resulting spectrum for the coupled species
a dose of 7 kGy/hr fol h atroom temperature. Samples for HF-EPR  can be described as a powder pattern with effedivalues depending
measurements were prepared by finely grinding the crystals and on the interaction and zero-field splitting parameters. The Hamiltonian
homogenizing them in mineral oil. Samples were frozen in liquid N is split into H* and a perturbating term as follows:

for further use. . ) A

EPR Spectroscopy.The high-field EPR spectrometer has been H°= (gl**H,5% + g;adHVS{,ad + gPG*) + potH, S+
described elsewhefé.The absolute error ig-values was 1x 1074, ke 2
The relative error ing-values between any two points of a given D(i _§)
spectrum was X 1075, Conventional 9 GHz EPR measurements were
performed using a Bruker ER 200 spectrometer with a standatg TE ~ pyp _ o/ F e F ecvad avad avad
cavity equipped with a liquid helium cryostat (Oxford Instrument), a H= ﬁ(gXeH’g + gy%ije) + A’g ST AV%ES/ + AZieS;
microwave-frequency counter (Hewlett-Packard 5350B) and NMR
gaussmeter (Bruker ERO35M).

Simulations of Exchange-Coupled SystemsCalculations were
based on the Hamiltonian given in the theory section. Preliminary to
simulations to obtain an estimation of the coupling parameters were
carried out by using the effectivg-values that were obtained by AV A
perturbation theory (see theory section). In this case, variable parameters g — 1 rady 2D _1 Fel + =X + 1

1 Zﬂg X 3 D ﬁg X 2

We consider only the energy levels which implicate the= 0
manifold of the metal center.
When the magnetic field is applied along thdirection, the energies
the second order of the two levels of interest are

were estimated by nonlinear minimization of the root-mean-square X X 4 ﬂg;ade D
difference between the calculated and experimental spectra using a

standard conjugate gradient met#®&ull calculations were processed 1 5 1 A\2 A2 1

by incrementing the magnetic field value. For each field value, the E,= Eﬂg;ade —p — —(ﬁgfeHX _|__X) 4+
Hamiltonian matrix was calculated and numerically diagonalized to 3 D 2 4 ﬁg;ade +D

obtain the eigenvalues and eigenvectors. Transition probabilities among

all possible combinations of levels were calculated and summed. The and therefore,

powder spectra were obtained by calculating the resonance for 10 1

random orientations of the applied magnetic field with respectto the |, = g — E. = 804, = Bg®H. — =(280"°H.A) +
g-axes system. The resulting orientation-integrated spectrum was 1 B = PO H= Ao, D( AoHA)

convoluted with a derivative Gaussian line shape having a suitable line A§ ﬂg;adl-lx
width. In the case of the full calculation, the simulated spectra were > g )2 >
manually scaled to the experimental data. Gaussian distributions were (B9, H)"— D

obtained by the method of normal deviaté#ll of the calculations ) ]

were performed on a Digital Equipment Corporation workstation by N the case for which the Zeeman energy is small, as compared to the

using local programs written in Fortran 77. zero-field splitting, it follows that
Simulations of the Tyrosyl Radical Spectra.The simulations of

) ) . 2
the HF-EPR powder spectra of tyrosyl radicals were simulated by using Feéx 1 radﬂ,

eff _ yad _ 2 (2)
locally written Fortran programs with standard numerical routffies. 9 = % I D 2% p2
Distribution in g-values were simulated by introducing a tensor, the
principal axes of which were collinear with tigetensor. The principal In the same way, when the field is applied along yheirection, we

values of the broadening tensor were the widths of Gaussian distribu- have
tions along three directions.

Theory. The Hamiltonian that describes the interacting system of a , g A, 1 dAZ
spinS = 1 (S79 with a spinS = 1/2 (S is given by g =g - ZQEEBY - Eg;a D—;’ 3)

_ ad, rad, Fe, Fe, e, n.cFe ad, A .qFe
H=pS"g"H +pS™g"*H + SD-S+ S™A-S When the magnetic field is applied along thdirection, the energies

wheref is the Bohr magnetortd, the applied magnetic fieldy2® and to second order are

g™ are theg-tensors for the radical and the iron centeris the zero-

2
field splitting tensor for the iron and is assumed to be axhals the E = %ﬁgradH _ ED + (At Ay) 1
interaction tensor; anf*@andS™, the spin operators. The tensors were z7 3 8 ﬁ(g;ad —g®H,-D
assumed to be diagonal and collinear. Ehdirection is taken along (A, — AY
the axis of symmetry of the zero-field splitting. Furthermore, we assume X y: 1

that A is diagonal. With this assumption, the Hamiltonian can be 8 B+ gf9H, — D
expanded as follows in the system of axis chosen.

- . ) . 1, mq, 2. (AHA) 1
H= ﬁ(g;adsx de + g)r/ad%adHy + g;adgade + gieieHx + EZ = _Eﬁgz de - éD + 8 s ﬁ(_grad 4 gFe)H -D
oG, + EH) + D[ -G+ (Ao A2 .
ALEPEY + A5G + A8 () 8 B+ g9H,+D

The interaction between the iron center and the radical results in six therefore,
energy levels. Because the values for the coupling are small compared

to the positive zero-field splitting parameter D, the EPR spectra arise hw=E, —E,= ﬁgiﬁHz
predominantly from transitions between the two lower levels. These

levels result from the coupling of thes = 0 level of the iron with the A, — A )2 rad 4 oFe) sH
ms = +Y, andms = —Y; levels of the radical® Perturbation theory = fg*H, — ) CHIR s

4 rad | oFey o112 _ 2
(38) Press, W. H.; Flannery, B. P.; Teukolsky, S. A.; Vetterling, W. T. e 6. )0H] 2 rad _F
Numerical RecipesCambridge University Press: New York, 1986. (Ay+A)) (67— g;)BH,

(39) Dorlet, P.; Rutherford, A. W.; Un, iochemistry200Q 39, 7826- d 2 >
7834. 4 (g -gHpH)? - D
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When the Zeeman term is small, as compared to the zero-field splitting,

we have
Ay — A\ A — A\
(7 '+ 956)( 5 y) —(gf‘"—g?)(xz—Dy)

As can be seen from the equations giving the effeagivalues, the
EPR spectrum for the coupled species is independeht @alculations

rad

"=

(4)

based on the full diagonalization of the Hamiltonian verified the absence

of A, dependence for the oxoferryl irettryptophanyl radical system.
Therefore, onlyA, and Ay 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 ratin/D scaled by theg-values of

the iron. In our simulations, thg-values for the radical and the iron
were fixed to values reported in the literatdfé? The values obtained
for the interaction parametess andA, are, therefore, relative to these
values. For high magnetic fields, it is not possible to obtain the simple
effective g-value expressions given in eqs-2, 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)=0) Trp**]
Intermediate of Wild-Type Cytochrome c Peroxidase: Spec-
tral Simulations. Figure 1 shows the 10 K EPR spectra of the
compound intermediate of wild-type cytochromeperoxidase
that were obtained at four different frequencies (9.5, 95, 190,
and 285 GHz). The compouridsample, used to record all four

of the spectra, was obtained in 15s by the two-electron reaction

of the high-spin ferric [Fe(lll)] enzyme with hydrogen peroxide.
Compound! has been previously assigned to a tryptophanyl
radical in weak exchange interaction with the oxoferryl
moiety1~1419The 9 GHz EPR spectrum has been previously
modeled by an axiag-tensor, with effective values ajp =

2.01 andg; = 2.04, which results from a distributed exchange
interaction 0).1° The broadening of the 9-GHz spectrum (Figure
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Figure 1. Multifrequency EPR spectra of the compounidtermediate
[(Fe(IV)=0) Trpt] of wild-type cytochromec peroxidase. Spectra (1
scan) were recorded 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.

plane. Thegyx direction of the organic radical, which, from

1, bottom), as compared to those recorded at higher frequenciesiheoretical consideratiofigbcis assumed to go through the

is due to hyperfine couplings; however, at higher frequencies,

the g-anisotropy dominates over the hyperfine couplings. The

nitrogen atom of the ring, is parallel to the heme plane.
Therefore, thex axis is chosen to coincide with tlyg direction

spectra taken at the four different frequencies scaled roughly of the radical and thg axis, to coincide with they, direction

with frequency. Small frequency shifts of tg¢" andg,*" values
were observedg,ef shifted by about-1 x 1072 from 95 to
285 GHz, andg,&, by about—2 x 1073,

We have simulated the compouhdCcP spectra using the

of the radical (indole ring perpendicular). Thexis matches,
in good approximation, thgy direction for the radical. In the
(%, y, 2) axis system, thg-values for the oxoferryl moiety are
Ox = gy = 2.25 andy, = 1.98? For the tryptophanyl radical, the

Hamiltonian given by eq 1 in the Theory Section. The parameter g.yajues determined by high-field (35 GHz) EPRreg,=2.0033,

D has been estimated to b&60 GHz® This value was fixed

0y=2.0024, andy,=2.0021 (F. Lendzian, private communica-

in the simulations. From pertubation analyses discussed above;jon). Therefore, in the system of axes chosen, we hgve

(see Theory Section), the effectigevalues 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. The axis 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 structdré? The plane of
the indole ring for Trp191 is almost perpendicular to the heme

(40) Bleifuss, G.; Potsch, S.; Hofbauer, W.; Graslund, A.; Lubitz, W.;
Lassman, G.; Lendzian, 998 In Magnetic Resonance and Related
PhenomenaProceedings of the AMPERE-ISMAR International Conference,
Vol. Il, 879—880.

(41) (a) Stone, A. JProc. R. Soc. London, Ser. 163 271, 424-434.

(b) Stone, A. JMol. Phys.1963 6, 509-515. (c) Stone, A. Mol. Phys.
1964 7, 311-316.

(42) Hori, H.; Yonetani, TJ. Biol. Chem.1985 260, 349-355.

(43) Goodin, D. B.; Mauk, G.; Smith, MJ. Biol. Chem.1987, 262,
7719-7724.

2.0033,gy = 2.0021, andy, = 2.0024. The intrinsig-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 effediive
values. To reproduce the large width of )&" edge, as well
as the high field tail of the signal (which results from the breadth

(44) Fishel, L. A.; Farnum, M. F.; Mauro, J. M.; Miller, M. A.; Kraut,
J. Biochemistry1991, 30, 1986-1996.

(45) It has been shown that the compounititermediate has &/, of
6.6 £ 1.4 h (Erman &Yonetani, 1975).

(46) (a) Fasanella, E. L.; Gordy, Wroc. Natl. Acad. Sci. U.S.A969
62, 299-304. (b) Liming, F. G.; Gordy, WProc. Natl. Acad. Sci. U.S.A.
1968 794-780. (c) Mezzetti, A.; Maniero, A. L.; Brustolon, M.; Giacometti,
G.; Brunel, L.-C.J. Phys. Chem. A999 103 9636-9643.

(47) (a) Finzel, B. C.; Poulos, T. L.; Kraut, J. Biol. Chem1984 259,
1302713036. (b) Edwards, S. L.; Xuong, N.; Hamlin, R. C.; Kraut, J.
Biochemistry1987, 26, 1503-1511.
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Figure 2. The 9-GHz EPR spectra of the [(Fe(FD) Trp]

intermediate of wild-type cytochronteperoxidase obtained at different N
mixing times. The arrows indicate the minor differences between the W
spectra. Experimental conditions: temp, 4 K; microwave frequency,

9.437 GHz; modulation amplitude, 5 G; modulation frequency, 100 2 hours

kHz; microwave power, 2 mW.

of the g,®" peak), it was necessary to use a distribution about
the values ofA, and Ay, as already pointed out by Houseman

and co-worker$? We modeled these distributions with Gaussian
functions centered of\; and with a half-width at half-maximum L s e b b b

: . i 2.060 2.040 2.020 2.000 1.
of 0. The parameters obtained for the interaction/sre= —4.9 980
GHz with a distributions, = 1.5 GHz andA, = —0.5 GHz g-values
with a distributionoy = 3.5 GHz. A larger distribution fon,, Figure 3. High-field (10 T, 285 GHz) EPR spectra of the [(Fe-

as compared ta\,, was required in order to properly fit the  (1Iv)=0) Trp*] intermediate of wild-type cytochrome peroxidase
high-field tail of the EPR spectrum, as well as the relative obtained at different mixing times. The arrows indicate the presence
amplitude ratio of the main features of the spectrum. of another radical species (see text). Spectra were recotded asing
High-Field (285 GHz) EPR Spectrum of the a field modulation of 20 G and a frequency modulation of 30 kHz.
[(Fe(IV)=Q) Trp**] Intermediate in Wild-Type Cytochrome
c Peroxidase. Three different compound samples were Figure 4, bottom, shows the spectrum that was obtained by
obtained by mixing at 0C wild-type enzyme with equimolar ~ subtracting the HF-EPR spectra of the wild-type CcP compound
hydrogen peroxide for 15 s, 60 s,dal h before freezing. The | obtained at 60-s and 15-s mixing times. The difference
9-GHz EPR spectra of the three wild-type compousdmples spectrum corresponds to the short-lived radical species formed
confirmed that the ferric heme iron of the native enzyme was for a mixing time of 60 s. The powder-pattern spectrum showed
fully oxidized for all three of the different mixing times (data three main field positions with observegvalues of 2.00644,
not shown). The ~ 2 region of the 9-GHz EPR spectra showed 2.00436, and 2.00208. The difference spectrum was very similar
the [(Fe(IV)=0) Trp*t] signal that was previously reported to the neutral tyrosyl radical spectrum of bovine liver catalase,
(Figure 2). In such spectra, the only noticeable difference including the broadgc-edge (Figure 4, bottom). The addi-
between the compounidsamples obtained at mixing times of tional resonance in the difference spectrum, for which the
15 s and 60 s was the extra intensity contributing to the higher observedy-value is 2.00282, was a subtraction artifact (asterisk,
field region of the 9-GHz spectrum (arrows, Figure 2). The Figure 4).
existence of such a narrow radical signal superposed to that of Multifrequency EPR Spectra of the Compound | Inter-
the exchange-coupled tryptophanyl radical has been a contro-mediate in the W191G Mutant of Cytochromec Peroxidase.
versial issue in previous studies of the compound wild- The W191G compountiwas obtained by the 15-s reaction of
type CcP and most of its mutarfts.4419 the mutant CcP with equimolar hydrogen peroxide. Figure 5
Figure 3 shows the 285-GHz EPR spectra, recorded at 4 K, shows the 9-GHz EPR spectrum of the compouimiermediate
of the compound samples obtained at mixing times of 15 s of the mutant CcP recorded at 80 K. Such spectrum overlaps
(top), 60 s (middle) ath2 h (bottom). The three spectra showed well with the tyrosyl radical (Typ) in Photosystem Il (dotted
the EPR signal assigned to the exchange-coupled tryptophanyllines). Thus, we assign the W191G compouirgpectrum to a
radical (see previous section). Comparison of the HF-EPR tyrosyl radical with the same proton hyperfine couplings agTyr
spectra of the sample prepared with reaction times of 15 s and(Table 1). The power saturation study on the CcP radical gave
60 s (Figure 3, top and middle) clearly shows that when the a Py of 0.375 mW at 20 K, which is higher than that of the
mixing time was increased to 60 s, a new EPR signal was tyrosyl radicals in bovine liver catalas€, = 0.060 mW at
superposed to that of the exchange-coupled tryptophanyl radical.20 K) and PSII. Spin quantification of the radical signal yielded
Interestingly, after a longer reaction time (2 h) of the WT CcP ~0.2 spins/heme.
with hydrogen peroxide in ice, the new EPR signal decreased HF-EPR was used to further characterize the radical inter-
considerably (Figure 2, bottom), but the tryptophanyl radical mediate formed in the W191G mutant CcP. Figure 6, middle,
signal remained substantially unchanded. shows the HF-EPR spectra of the W191G compduretorded
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Figure 4. Expansion of the higher-field region of the [(Fe(FD)
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 catald&he W191G
compound spectrum (gray dotted lines), recorded at 20 K and a field
modulation of 5G, is superposed onto the difference spectrum.
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0.3360
Magnetic Field (T)
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Figure 5. The 9-GHz EPR spectrum of the compouniditermediate

of the W191G mutant cytochrome peroxidase. The spectra of the
tyrosyl radical in Photosystem Il (Ty) is shown as a dotted line.
Experimental conditions: temp, 80 K (10 K for Ty); microwave
frequency, 9.441 GHz; modulation amplitude, 0.6 G (2.4 G forg)yr
modulation frequency, 100 kHz; microwave power, 0.05 mW (2 mwW
for Tyrp).

at 190 and 285 GHz. The envelope of the HF-EPR spectrum is
dominated byg-anisotropy, with resolved proton hyperfine
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Table 1. Comparison of thg and Proton Hyperfine Couplifig
Tensors of Compound in the Mutant (W191G) Cytochrome
Peroxidase with the in Vitro and PSII Tyrosyl Radicals.

in vitro PSli PSli W191G
Tyruc Tyrp? Tyrop® CcP cpd ¥

Ox 2.00658 2.00740 2.00756 2.00660
Oy 2.00404 2.00425 2.00432 2.00425
(o} 2.00208 2.00205 2.00215 2.00208
0Ox 0.00032 0.000036 0.00050
Hs 5 A« —25.2 —25.4 —24.0 —24.0

A -8.7 -7.2 -3.0 -3.0

A, —-18.2 —19.5 —19.0 —19.0
¢35 deg 22 23 26 26
Ha6 Ax 5.0 4.48 5.0 5.0

A 5.0 7.28 5.0 5.0

A, 5.0 4.48 5.0 5.0
¢26, deg 0 10 0 0
Hp1 A 39.2 20.2 31.0 31.0

A 39.2 29.3 28.0 28.0

A 39.2 20.2 27.0 27.0
Hp, A 4.1 5.2 7.0 7.0

A, 15.7 14.3 9.0 9.0

A, 7.8 5.2 3.0 3.0

aMHz. b Synechocysti®SIl: g-values from ref 30 and hyperfine
couplings from refs 53, 54.Spinach PSII from ref 39! This work.

rrr+T | e ot

W191G CcP

in vitro Tyr'

1|»||1||1|||11|l||111||11:|

2.0080 2.0060 2.0040 2.0020 2.0000

g-values

Figure 6. High-field 285 (solid black line) and 190 (solid gray line)
GHz EPR spectra of the tyrosyl radicals in Photosystem Il (top), the
W191G mutant cytochromeperoxidase (middle), andirradiated Tyr-

HCI 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 modulationfod G (3 G for PSII).

coupling pattern mainly observed on the higher-field edge of
the spectrum. The field positions of the three readily observed
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not completely unexpected and has been reported previtasly.
Although the original work on irradiated single crystals did not
detect phenoxy-ring hydrogen addition products, they are known
to occur in polycrystalline samplé&-® 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 protonatior®@ Even in the presence of the contaminating
radical signal, it is possible to identify the likely, and g,
features of the Tygc on the basis of the relatively large library
of HF-EPR spectra of tyrosyl radica%.32 These features are
much less sensitive to their environment.

simulation

difference

Discussion

HF-EPR Spectrum of the (Fe(IV)=0) Trp**) Intermediate
in Wild-Type Cytochrome c Peroxidase In contrast to a
Figure 7. Experimental (top) and simulated (middle) high-field EPR  previous study? we chose to model the interaction by a
spectrum of the in vitro tyrosyl radical obtained byirradiation of generalized spin-interaction Hamiltonian represented by a
Tyr—HCl crystals. The spectrum (1 scan) was recorded at 10 K using diagonal tensor, the principal axes of which are collinear with
a microwave frequency of 284.56 GHz and a field modulation of 5 G. the g-tensors. Such interaction leads to a set of three effective
The crystals were finely ground and homogenized in mineral oil to g-values given by eqs-24. These expressions were rigorously
avoid orientation of the tyrosyl radical with the magnetic field. . T .

expanded in terms of the differegt and A; (wherei denotes

thex, y, andz components) because of the higher resolution of
high-field EPR with respect tg-anisotropy. However, it is clear
that the spectra in Figure 1 cannot be characterized exactly by

identical to those of the in vitro tyrosyl radical (Table 1), @& single effectiveg-tensor. In contrast to the results predicted
including the broady, component (Figure 6, bottom). Com- by perturbation theory, the turning points of the experimental
parison of the 285 and 190 GHz-EPR spectra of the W191G Spectra were field-dependent. A full Hamiltonian treatment was
compound , both plotted ing-values (Figure 6, middle), showed required to _reproduce this behavior. Such an ok_)servation was
that the width of theg, component is invariant and is the result Made possible only by a multifrequency high-field EPR ap-
of a distribution ing-values, which is similar to that of the in ~ Proach, where the effectivganisotropy was dominant over the
vitro Tyr* (Figure 2, bottom). By contrast, the broadening hyperfine interaction (Figure 1). In addition, as in the earlier
observed for the, component at the lower microwave frequency Work by Housemar? distributions about the values, andAy

was purely due to hyperfine couplings (spispin interactions), were required in order to properly fit the line shape of the EPR
as for the PSII Ty (Figure 6, top). spectrum.

The powder pattern spectrum of the W191G compound The description of the magnetic state for compourid a
could be best simulated witvalues of 2.00660, 2.00425, and weak interaction between the oxoferryl species and the tryp-
2.00208 forgy, gy, and g, respectively, and using the same tophanyl radical was first proposed by Houseman and co-
hyperfine couplings of the PSII Ty (see ref 39 and references  workers (ref 19 and references therein). Their model was able
therein). A distribution ing,-values (with a Gaussian width of ~ to properly account for the apparently abnormal EPR signal
0.0005) was needed to reproduce the broad low-field edge ofobserved for this state; however the values they obtained for
the spectrum. The parameters used in the simulations are showthe interaction components differ from ours. This is most likely
in Table 1, and the simulation is superposed to the experimentalthe result of a difference in the modeling of the interaction.
spectrum (dashed lines in Figure 6, middle). Houseman and co-workers have chosen to use a sum of isotropic

L L |
10.12

L L | L
10.16

L e b 00 P
10.17

1013 10.14 s
Magnetic Field (T)

|
10.18

features of the W191G compouhdadical spectrum agree well
with the principalg-values of other tyrosyl radicals (Figure 6).
Specifically, theg-values of the compounidradical are almost

High-Field EPR Spectrum of the In Vitro Tyrosyl Radical .
Tyrosyl radicals can be obtained in vitro hyirradiation of

exchange terms; JS&S24 |n this representation, they obtained
two contributions: two-third of the population exhibits an

tyrosine crystals. The HF-EPR spectrum, recorded at 285 andantiferromagnetic coupling centered-at.45 GHz and with a

190 GHz, of the in vitro tyrosyl radical (T$c)) is shown in

distribution width of 1.2 GHz, and the remainder third of the

Figure 6, bottom. As expected, the powder spectrum was population exhibits a ferromagnetic coupling centered-219
dominated byg-anisotropy with a resolved hyperfine pattern. GHz with a distribution width of 0.6 GHz. The authors note
The parameters used for the simulation of the HF-EPR spectrumthat the EPR spectra can be equally well-reproduced by a
(Figure 7, middle) are shown in Table 1. A distributiongia Heisenberg Hamiltonian witld described as a sum of three
values was needed to reproduce the broad low-field edge ofterms, as compared with the use of a spin-coupling tef¥sor.
the experimental spectrum. The HF-EPR spectrum showed that The fundamental difference between the two models is that
at least one other radical species was formed, together with theHouseman and co-workers assume a purely isotropic-Sgim
Tyrwcl. The EPR signal of such radical(s) mostly contributes interaction, whereas in the present work, an anisotropic interac-
at field positions between thgy andg, of the Tyryc spectrum, tion is used. The anisotropic model has two contributions, the
as shown by the difference between the experimental and theisotropic component due to Heisenberg exchange and an
simulated spectra (Figure 7, bottom). Longer exposures of the anisotropic component due to dipolar coupling. In principle, it
crystals toy-irradiation gave a HF-EPR spectrum with an is possible to obtain the isotropic component of the anisotropic
increasing proportion of other radical species relative to the interaction by calculating the trace of the tensor; however, as
Tyrucl (Supporting Information). The simultaneous formation discussed above, the spectra are to the second order independent
of other radical species in the irradiated tyrosine crystals was of the zcomponent of the spin-coupling tensor, and therefore,
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Table 2. Environment of Candidates for the Tyrosyl Radical Site  low gy-value (2.00658) can be directly correlated to an

in the W191G Mutant Cytochrome Peroxidase. electrostatic effect (electropositive) of the environment on the
Tyr position Tyr251  Tyr244 Tyrl87  Tyrl53 Tyr236  tyrosyl radical?eb Additional information concerning the mi-

H; dihedral angle, 67 66.4 37 0.7 825 croenvironment of the Tyiici was also obtained from the HF-
deg EPR spectrum. The broayg-value is indicative of an inhomo-

On—Fedist, A 167  14.0 11.6 118 189 geneous environment, similar to that of the tyrosyl radicals in

Hbond donor(s)  Asp261 water 328 é"féers 348one  none Photosystem Il (Tyg)30 and bovine liver cataladk(Figure 4).

H bond dist, A 1.62 1.66 1.9,2.3 We have used high-field EPR to characterize the peroxide

Lys residue Lys257 Lys243  Lys149 Lys149 Lys intermediate of the CcP mutant in which Trp191 was replaced

":HLVS_.OTY' dist A 43 75 70 55 130 by a glycine residue. The powder-pattern spectrum of the
rg residue Argl66 Argls5 none Argl160 none . .

NHag—Ory dist, A 3.8 4.3 7.0 W191G compound could be best simulated with the sage

values as those of the in vitro tyrosyl radical. In contrast, the
) o ) . ] hyperfine couplings (observed both at conventional and higher
in general it is not possible to directly determine the trace. The fie|ds) were the same as those of Fyin Photosystem II. From
fact that the component of the interaction along yhaxis is  these observations, we conclude that the radical intermediate
essentially zero leads to the conclusion that the dipolar andin the mutant CcP is a tyrosyl radical with the sagaensor as

exchange contributions exactly cancel along this direction. If the Tyr, and proton-hyperfine coupling tensor as PSII“Byr
we assume a pointdipole model, the dipotedipole vector can (Table 1).

be oriented in one of thrge pqssibilities_ (ie., anqg',_or 2. Taking into account the information regarding the electrostatic
However, only the case in Wh'Ch, the d|polar vector is a'““g microenvironment of the tyrosyl radical obtained from the high-
yields parameters that are consistent with the values obtainedgo 14 epr spectrum of the W191G compouhdve examined

fc_>r Ay and A.Y as we!l as the nchesgdar%/ recluwement t_hat the the three-dimensional structures of the 14 tyrosines in the mutant
dipole CO‘JP"”Q coefficientd = u°g"g"*3%/4xr’) be a positive CcP36% Residues at positions 251, 244, 187, and 153 are good
value. This leads td, = J — 20 andAy = J + 0, and values  oqqiqates for the radical site. Those tyrosines are on the
can therefore be calculated férndo. Using this approxima- -, oyimal side and relatively close to the heme irorLy A).

tion, the exchange couplinljs —2.3 GHz, which is comparable 1,4 1o, g value of the in vitro tyrosy! radical is due to the

to the value obtained by Houseman and co-workers for the ggect of an electropositive environment, specifically to the

antiferromagnetic contribution—<1.45 GHZ29. The dipole presence of a strong hydrogen bond at a distance of 1.60 A,

cogpling yalue, .1'8 GHZ.’ yields a spispin digytance ?&f 3.1A, and donated by the protonated carboxylic group of a neighboring
which is inconsistent with the crystal structt®(7.1 A from tyrosine?®aPresumably, a positively charged residue could yield

iron to indole nitrogenf? The discrepancy is probably due to o samag,-value2® The distances to possible hydrogen-bond

the inadequacy of the potdipole approximation for calculat- - 4on6rs and positively charged amino acid residues related to
ing distances in such cases, rather than the assumption Okpe yrosine residues in W191G CcP are given in Table 1. The
colllnea}rlty of the dipole vector with thg-ams. The _crystal- _ combined effect of hydrogen bond(s) donor(s) and positive
lographic structure suggests that the dipole vector is rotated N charges in the microenvironment of tyrosines 251, 244, and 187
thexzplane of theg-tensor and is not collinear with either axis. .14 explain the lowgy-value (with maximum at 2.00660)
Preliminary calculations using a rotated interaction tensor that 5,4 he broadening (dixstribution of 0.0005) observéd for the
i; cppsistent with the structure did not yield better fits or tyrosyl radical of W191G compourid Interestingly, the strong
significantly Weal_<er Coqpllngs- _ _ hydrogen bond formed by the carboxyl group of Asp261 (1.62
One way to distinguish between the purely isotropic and A) on Tyr251 would be equivalent in strength to that observed
anisotropic models is to examine single-crystal data. For an for the in vitro tyrosyl radical and would explain the almost
anisotropic interaction, the EPR spectrum of a single crystal jdenticalg-values (Table 1). Alternatively, Tyr244 and Tyr187
sample is predicted to be a single line. In contrast, when the are also interesting candidates because of the presence of
coupling is a sum of two isotropic contributions, the EPR spectra stryctural water(s) at hydrogen-bonding distance(s) together with
is constituted by two lines; that is, each contribution gives rise 5 ¢lose lysine. Finally, the dihedral angle® elated to the
to a single line. Indeed, only one component was found during -protons of tyrosines 251 and 244 obtained from the crystal
the analysis of the single crystal data, but measurements donestrycturé® of the W191G mutant CcP are in good agreement
on a polycrystalline sample gave essentially the same resultsyith those estimated from the experimental hyperfine couplings.

as in frpzen solutior? This is fully consisten't with a singlg In a previous study, Tyr236 was proposed as the radical site
mtera_ctlo_n tensqr and supports our modelmg of th? SPIN pecause of the covalent modification due to the reaction of the
coupling interaction, as compared to a sum of |ﬁsotr0[3|c terms. . itant CcP with hydrogen peroxide and 2-aminothiaZ®kes

i i ell—_ . ra
In this regard, because the shifts of thealues g,*"—g/*"and shown in Table 2, Tyr236 is very isolated (no potential hydrogen

gﬁEﬁ_ﬁyréd' induged _byr:_he interactionhare dif_ferent, .it f(;]IIOWS bond donors or positively charged amino acid residues close
that the interaction in this case must have anisotropic ¢ aracter.by)_ Accordingly, thege-value of such a tyrosyl radical should

A single essentially isotropic interaction is unable to account be similar to that of the tyrosyl radical in ribonucleotide

for the observed experimental spectra. reductas® (2.00890) and, thus, inconsistent with that observed
Tyrosyl Radical Intermediate in W191G Cytochrome ¢ in this work (2.00660). The reaction of CcP with hydrogen
Peroxidase.The HF-EPR spectrum of the in vitro tyrosyl radical peroxide and 2-aminothiazole was carried out at room temper-
confirmed the previously reportegvalues’®in particular, the  agyre; thus, it is likely that the tyrosine residue previously
(48) A similar situation has been encountered in the treatment of the identified (Tyr236)° became oxidized by. intermolecular electron
coupling between the nonheme iron and a semiquinone radical in bacterial transfer from the compouridtyrosyl radical that was observed

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  (49) Frey, M. N.; Koetzle, T. F.; Lehman, M. S.; Hamilton, W. L.
Buter, W. F.; Calvo, R.; Fredkin, D. R.; Issacson, R. A.; Okamura, M. Y.; Chem. Phys1973 58, 2547-2556.

Feher, G Biophys. J.1984 45, 947-973). (50) Musah, R. A.; Goodin, D. BBiochemistryl997 36, 11665-11674.
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in this work. Further studies with mutants on these tyrosine findings. Fishel and co-worketsobserved the narrow radical
residues could be helpful in discerning among the possible species when spending 1 min to mix the native (WT) CcP with
candidates for the radical site. H>0,. Hoffman and co-workers, who did not specify the mixing

The “Narrow” EPR Signal in Wild-Type CcP Compound time, used, in addition, 30 to 60% glycerol in their native CcP
I. The observation of an additional “narrow” signal on the 9 samples?In the latter case, the glycerol made the native sample
GHz EPR spectrum of the compouhdn wild-type CcP has ~ more viscous, thus changing the conditions of the reaction.
been a controversial issue since the early report of Hori and Accordingly, the absence of the second radical species in such
Yonetanf2 on the single-crystal EPR studies performed at 3, 9, samples can be reasonably explained by the fact that the short-
and 35 GHz. From such studies, the authors concluded that thived species had already vanished, as demonstrated by our
narrow radical signal should originate from the oxidation of a experiments (Figure 3).
protein residue that is different from the compouncadical The HF-EPR spectrum of the short-lived radical in wild-type
species. Other authors also found an additional narrow radical CCP is very similar to that of the tyrosyl radical observed for
signal in the 9 GHz EPR of compound (frozen solution)  the W191G compound (Figure 4). In both cases, they are
present in lower concentrations (220%)434251By contrast, ~ formed in low concentration (3020%). Moreover, theg-
relaxation measurements made by using pulsed EPR on the CcRnisotropy (defined a&g = |gx — gy|) of the short-lived radical
compound| samples prepared by Hoffman and co-workers is too large (0.0046) for that of an uncoupled tryptophanyl
provided no evidence of an additional radical spe&fes. radical (\g = 0.0012)¥ Thus, in agreement with previous

In all of these studies, the mixing time used to prepare the Suggestions, we propose that the short-lived species is a tyrosyl
CcP compound was not mentioned by the authors, with the radical®® The essentlally_ identicaj-values and distribution in
exception of Fishel and co-worketsIn the latter, +-1.5-fold gr-value that were obtained from the HF-EPR spectra of the
excess of hydrogen peroxide was used to prepare the compound"0sy! radicals in wild-type and W191G mutant CcP (Figure
| samples using a mixing time of 1 min. For such experiments, 4) strongly suggests an equivalent electropositve environment
the native enzyme concentration was-027 mM44 Hoffman for botr_] of the radlca!s. Accordingly, the good candldate_s for
and co-workers used native enzyme (about 1 mM) in80% the _radlcal site found in both enzymes are th_e three tyrosines at
glycerol with 2-5-fold H,0, excess, but the mixing time was ~ POsitions 251,.244, and 187 (Table 2).. Sltg-dlrect_ted mutagenesis
not quoted® These authors interpreted the presence of an ON such tyrosine residues or on their microenvironment com-
additional narrow radical reported by Hori and Yonetamwir bined with HF-EPR spectroscopy is a powerful approach to
Goodin and co-workefd as the result of overoxidation in ~ discern among these possibilities.
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The controversial EPR results concerning the narrow radical JA0036514
species previously reported by the different groups, as well as  (52) Itis noteworthy that the HF-EPR spectrum of a tryptophany! radical

i i ; i ; with very smallJ values could be virtually identical to that of a tyrosyl
the importance of the mixing dynamics (mixing time, sample - . -

concentration, viscosity, temperature) can be rationalize by our  (53) warncke, K.; Babcock, G. T.; McCracken,JJ.Am. Chem. Soc.
1994 116, 7332-7340.
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