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Catalases, like peroxidases, are enzymes responsible for the

disproportionation of hydrogen peroxide into water and molec-
ular oxygent The X-ray structure (2.5 A) of bovine liver
catalase (BLC) reveals that the active site consists of an-iron
protoporphyrin IX prosthetic group with a tyrosinate axial
ligand? In native catalase, the heme site is in a high-spin ferric
state, and the two-electron oxidation by hydrogen peroxide
induces the formation of the so-called compound |, proposed
to be an oxoferryl iron (F&=0) and a porphyrinz-cation
radical (port). The first EPR evidence for compound | in
catalases was recently reportedficrococcus luteugformerly
lysodeikticu¥ catalase (MLCY, for which the observed EPR
spectrum corresponds to a po(S= %,) having a ferromagnetic
exchange interaction with the oxoferryl moie§= 1). In heme

peroxidases, either porphyrin- or protein-based radical inter- ,,, o snisotro
mediates have been observed. For horseradish peroxidas vy 4

(HRP) compound |, a por was characterized by EPR and
Mdssbauer spectroscopiteecently, a transient tyrosyl radical
in equilibrium with por™ was observed for the (Phel72 to Tyr)
HRP mutan®. In compound I (or ES) of cytochromeperoxi-
dase (CcP) the organic radical originates from Trpd81t in
a mutant CcP (Trp191 to Phe) a tyrosyl radical EPR signal was
reported’. Interestingly, the active site of ascorbate peroxidase
shows structural homology to that of CcP but stabilizes &'por
radical®

In the present work, we report the EPR spectra of BLC treated
with peroxyacetic aciti(Figure 1). In contrast to thil. luteus
compound B the 9 GHz EPR spectrum of BLC (Figure 1A,
top) shows ay ~ 2 a broad radical signdl(the overall breath
is ca. 50 G) with hyperfine structure that resembles the*gyr
and Tyrz from photosystem Il (PSI)213 The envelope of the
245 GHz EPR spectrum of BLC (Figure 1B, top) is dominated
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Figure 1. Experimental (top) and simulated (bottom) EPR spectra of
the BLC radical. Parameters used for both simulations are those in
Table 1. Both EPR spectra are obtained under nonsaturating conditions.
Experimental conditions: (A) temperature, 86 K; microwave frequency,
9.222 GHz; modulation amplitude, 1.6 G; modulation frequency, 100
kHz; microwave power, 0.01 mW; (B) temperature, 10 K; microwave
frequency, 244.996 GHz; modulation amplitude, 10 G (at 100 kHz);
modulation frequency, 10 kHz. The X-band and high frequency
spectrometers used were previously descri®étnset: power satura-
tion curve obtained at 20 K; microwave frequency, 9.222 GHz;
modulation amplitude, 1.6 G; modulation frequency, 100 kHz. The
peak-to-peak heightyj was measured as the maximum amplitude of
the BLC radical signal in the X-band EPR spectrum.

| I T e

with no well-resolved hyperfine pattern. The
@ccurate g-values obtained from the simulated spectrum (Figure
1B, bottom) are 2.00777, 2.00460, and 2.00232gfogy, and
0 respectivelyt

Figure 1A (top) shows the experimental 9 GHz EPR spectrum
of the BLC radical at 86 K. In order to estimate the hyperfine
couplings contributing to this spectrum, we used a computer
prograni® which calculates the powder EPR spectrum using as
parameters the principal values of g and the hyperfine tensors,
including its orientations with respect to the molecular ais.
On the basis of the similarities of the BLC radical and PSlI
Tyr* EPR spectra, we used the experimental hyperfine coupling
tensors of PSII Tyrt>17as the initial values for our simulations
along with our experimentally determingeivalues mentioned
above. It has been shown that the observed differences in the
EPR spectra of tyrosyl radicals from different enzymes arise
from distinct hyperfine couplings of th@methylene protons,
while those of thex-protons at the phenol ring (C3, C5, C2,
and C6) are almost invariant (see Table 1). Thus, in our
simulations we fixed the parameters equivalent toothgrotons
from the PSII Tyr and allowed progressive changes on those
values equivalent to the hyperfine couplings of famethylene
protons, until very reasonable agreement was achieved with the
experimental spectrum of the BLC radical. A final fit varying
all of the parameters was done with an iterative routth&he
resulting simulated spectrum in Figure 1A (bottom) was
achieved by the set of parameter shown in Table 1. Comparison
of these estimated parameters to those of tyrosyl radicals
indicates that the spectral differences between the BLC radical
and PSII Tyr can be accounted for by making very similar the
isotropic (contact) part of the hyperfine interactions to the two
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Table 1. Comparison of the and Proton Hyperfine Couplihg
Tensors of the BLC Radical with Those of Tyrosyl Radicals from
RNR and PSII

RNR RNR PSII PSII
Tyra Tyrb Tyrp® Try4 BLC
Ox 2.00912 2.00897 2.00740 2.00750 2.00777
Oy 2.00457 2.00437 2.00425 2.00422 2.00460
o 2.00225 2.00217 2.00205 2.0022% 2.00232
(3,5A« —26.7 -32.2 —-25.4 —26.8 —25.9
A —8.4 -7.0 7.2 —8.4 7.2
A, -19.6 -19.9 -195 —-195 -19.5
¢35(deg) +25 +23 +23 nd 423
(2,6)A« 5.0 nd 4.48 5.0 5.0
A 7.6 nd 7.28 7.5 7.4
A 2.1 nd 4.48 1.3 <3.0
¢26(deg) =+44 nd +10° nd +10
1 Ax 61.2 20.72 29.3 35.4 20.0
A 53.7 29.40 20.2 28.5 15.5
A 53.7 26.60 20.2 29.2 16.0
Aiso 56.2 25.6 23.2 31.0 17.2
01 (deg) 30 —5t051 52 44 57
P2 Ax 2.1 <8.4 14.3 7.9 145
A -5.0 <8.4 5.2 1.0 11.9
A, —-4.0 <8.4 5.2 1.7 10.6
Aiso -2.3 <8.4 8.2 35 12.3
0, (deg) 9 nd 68 76 63

2 Escherichia coliRNR 3! ® Salmonella typhimuriunfRNR 25 ¢ Syn-
echocysti®SII (WT) 25 94 D2-YF(160) mutant oBynechocystiBSII 1’
e From ref 32. From ref 27.9 From ref 33." From ref 34.' This work.
An isotropic line width of 2.0 G was used for the X-band spectral
simulations. For ther-protons, they-axis is defined in the direction
of the G—H, (n = 2,3,5,6) bonds and theaxis is perpendicular to
the plane of the ring; the angiereflects the noncoincidence with the
g-tensor axi$® The axis for the3-protons were taken coincident with
the g-axes, 6 being the dihedral angle defined in ref 19. Our
experimental-values are reproducible within 8 1075.1 In MHz.

B-methylene protons in PSIAg'8 of ca. 17 MHz and 12 MHz
for 81 andp,, respectively). From geometrical consideratighs,
the resulting dihedral angle8s(,) would be 57 and 63, which
imply a more symmetrical location of th&protons for BLC
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strongly argues for the phenol oxygen being weakly H-bonded.
It was also proposed that the amplitude distortion observed in
the high-frequency (WT) PSII Ts spectra was due to the
influence of a paramagnetic relaxer (the Mn cluster or the non-
heme high-spin &) on the spin of the radical, and thus, a
geometric term to account for anisotropic dipolar relaxation
effects was used in the simulatioffs.In addition, a broadness
on thegx-edge of the spectrum of the Pymutant as compared

to that of the WT PSII Typ was attributed to a distribution

in g-values?’ In contrast, the RNR-25 high-frequency spec-
trum could be readily simulated with an isotropic line width of
21.4 G?5 Interestingly, the requirement of an anisotropic line
width!4 for simulating the 245 GHz EPR spectrum of BLC
(Figure 1B) argues for gy-distribution effect as in the mutant
PSIl radical. Nevertheless, the power saturation curve (Figure
1A, inset) that yields &/, = 0.060 mW at 20 K indicates that
the BLC radical is relaxed by the oxoferryl iron from the heme
active site. In order to assess the influence of this interaction
on the 245 GHz spectrum of BLC, further experimental data
would be required.

In conclusion, we propose that the unprecedented radical
species we detected in BLC (treated with peroxyacetic acid)
originates from a protein amino acid residue, most probably a
tyrosine. This radical should be formed either (i) as the second
oxidizing equivalent in compound |, instead of the porphyrin
radical observed iM. luteuscatalase or most likely (ii) when
reducing the porphyrin radical of compound I. In fact,
resonance Raman studies on BLC showing a predominggly
s-cation radical character for the compoun@dtrongly argue
against the first possibility (i). Interestingly, a tyrosyl radical
has been theoretically proposed in the catalytic scheme of BLC
which involves the enzyme-bound NADPH with a protective
role?® Under this scheme, NADPH first reacts readily with a
hypothetical intermediate state [(Fe=O)Tyr] formed by
spontaneous decay of compound | {{FeO)por*], before it
finally restores the enzyme to the native staté (&30 Further
studies are in progress in our laboratories, including site-directed
mutagenesis in related bacterial catalases, to confirm our

(see Table 1). These results, together with the fact that the proposal and identify the tyrosine residue responsible for the
reported hyperfine couplings of the few other well-characterized radical formation in bovine liver catalase.

protein-based radicals, such as glycyl and lysyl radicals,
observed in pyruvate formate ly&sand lysine 2,3-aminomu-
tase?? respectively, are not suitable to simulate the BLC EPR
spectrun?? suggest that the observed BLC radical originates
from a tyrosine residue.

The 245 GHz EPR spectra of different tyrosyl radiéa?8
showed significative differences for tigg-values; a correlation
between suclys-values and the hydrogen bond pattern of the
phenol oxygen was deduced by molecular orbital calculafibns.
Accordingly, thegy-value obtained for the BLC radical (2.00777)
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