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 Comparative Electron Paramagnetic Resonance Study of Radical Intermediates in Turnip Peroxidase Isozymes† Anabella Ivancich,*,‡ Gilbert Mazza,§ and Alain Desbois| Section de Bioe´ ne´ rge´ tique and Section de Biophysique des Prote´ ines et des Membranes, De´ partement de Biologie Cellulaire et Mole´ culaire, URA 2096 CNRS, CEA Saclay, 91191 Gif-sur-YVette, France, and CIML, UMR CNRS 6102, Parc Scientifique de Luminy, 13288 Marseille, France ReceiVed December 13, 2000
 
 ABSTRACT: The occurrence of isozymes in plant peroxidases is poorly understood. Turnip roots contain seven season-dependent isoperoxidases with distinct physicochemical properties. In the work presented here, multifrequency electron paramagnetic resonance spectroscopy has been used to characterize the Compound I intermediate obtained by the reaction of turnip isoperoxidases 1, 3, and 7 with hydrogen peroxide. The broad (2500 G) Compound I EPR spectrum of all three peroxidases was consistent with the formation of an exchange-coupled oxoferryl-porphyrinyl radical species. A dramatic pH dependence of the exchange interaction of the [Fe(IV)dO por•+] intermediate was observed for all three isoperoxidases and for a pH range of 4.5-7.7. This result provides substantial experimental evidence for previous proposals concerning the protein effect on the ferro- or antiferromagnetic character of the exchange coupling of Compound I based on model complexes. Turnip isoperoxidase 7 exhibited an unexpected pH effect related to the nature of the Compound I radical. At basic pH, a narrow radical species (∼50 G) was formed together with the porphyrinyl radical. The g anisotropy of the narrow radical ∆g ) 0.0046, obtained from the high-field (190 and 285 GHz) EPR spectrum, was that expected for tyrosyl radicals. The broad gx edge of the Tyr• spectrum centered at a low gx value (2.00660) strongly argues for a hydrogen-bonded tyrosyl radical in a heterogeneous microenvironment. The relationship between tyrosyl radical formation and the higher redox potential of turnip isozyme 7, as compared to that of isozyme 1, is discussed.
 
 The occurrence of several isozymes in plant peroxidases is widespread (1), but their specific physiological role is poorly understood (2). Recently, a differential specificity toward Mn(II) has been reported for isozyme H2 in lignin peroxidase (3). Turnip peroxidases (TPs)1 are class III enzymes of the plant peroxidase superfamily (4). Seven isoperoxidases with distinct physicochemical properties were isolated from Brassica napus turnip roots. The relative proportions of turnip isoperoxidases were season-dependent (5). In particular, the basic (pI 11.6) isoperoxidase 7 (TP7) was only present in roots harvested during winter and represented ∼40% of the peroxidase activity. Isoperoxidase 7 was also more abundant than acidic isoperoxidases 1-3 (pI 3.5). Significant differences in the redox midpoint † This work was supported through the European Union HCMResearch Network (Contract FMRX-CT98-0214), the Human Frontiers Science Organization (Contract RGO349), Region Ile-de-France, CEASaclay, and CNRS Contract to A.I. * To whom correspondence should be addressed: Centre d’Etudes de Saclay, Section de Bioe´nerge´tique, CNRS URA 2096, Baˆt 532, 91191 Gif-sur-Yvette, France. Phone: +33 1 69 08 86 57. Fax: +33 1 69 08 87 17. E-mail: [email protected]. ‡ Section de Bioe ´ ne´rge´tique, De´partement de Biologie Cellulaire et Mole´culaire, URA 2096 CNRS. § UMR CNRS 6102. | Section de Biophysique des Prote ´ ines et des Membranes, De´partement de Biologie Cellulaire et Mole´culaire, URA 2096 CNRS. 1 Abbreviations: TP, turnip peroxidase; TP1, TP3, and TP7, isozymes 1, 3, and 7 of turnip peroxidase, respectively; HRP C, horseradish peroxidase C; EPR, electron paramagnetic resonance; HF-EPR, highfield EPR.
 
 potentials of Compound I were measured for TP1 and TP7 (6). Turnip isoperoxidase 7 exhibited high oxidase activity toward indoleacetic acid (7). These differences in physicochemical properties and catalytic activities of turnip isozymes were attributed to subtle modifications in the protein environment of the heme active sites (8, 9). Recently, three-dimensional crystal structures of class III peroxidases belonging to the plant peroxidase superfamily have been determined at high resolution. Specifically, structural data are available for peanut (10), horseradish C (11), and barley grain (12) peroxidases. Although no structural data are available for turnip peroxidases, the primary sequence alignment with horseradish C indicated that the heme pocket is highly conserved (8, 13, 49). A common feature of the heme peroxidases with known threedimensional structure is the catalytic site, which comprises a pentacoordinated heme iron with a histidine residue as the fifth ligand (1). Spectroscopic studies on peroxidases in the resting state have shown that the heme iron is a high-spin ferric [Fe(III)] species. Two subsequent intermediates, Compound I and Compound II, take part in the catalytic cycle. Compound I, the oxoferryl-porphyrinyl radical [Fe(IV)dO por•+] intermediate, is formed by the hydrogen peroxide-induced oxidation of the resting enzyme. In contrast, the stable radical intermediate in cytochrome c peroxidase originates from the oxidation of Trp 191, thus forming the catalytically active [Fe(IV)dO Trp•+] intermediate (14). Compound II, the oxoferryl intermediate
 
 10.1021/bi002826j CCC: $20.00 © 2001 American Chemical Society Published on Web 05/16/2001
 
 Compound I in Turnip Peroxidase Isozymes [Fe(IV)dO], is formed by the one-electron reaction of Compound I with the substrate(s). A further one-electron oxidation of a second substrate molecule returns the enzyme to the resting Fe(III) state. The formation of the oxoferrylporphyrinyl radical intermediate can be monitored by the changes in the absorption spectrum. In contrast, the formation of a protein-based radical intermediate is difficult to detect by this method since the absorption peaks of tyrosyl and tryptophanyl radicals are masked by the dominant heme bands. Alternatively, EPR and/or ENDOR spectroscopy can selectively detect either porphyrinyl or protein-based radical intermediates in heme enzymes (15, 16). EPR spectroscopy is a tool well suited for investigation of structural changes of heme active sites in enzymes and the electronic nature of the redox intermediates formed during enzyme catalysis (17). The protein environment of heme active sites may induce geometrical changes, which can be directly monitored by the change in g values observed for the heme iron EPR spectra (18). Moreover, EPR spectroscopy has been used to identify the nature of the Compound I intermediates in horseradish, cytochrome c, ascorbate, and lignin peroxidases. The use of higher magnetic fields in EPR has made it possible to resolve the g anisotropy of proteinbased radicals in several enzymes (19, 50). The accurate g values obtained from the high-field EPR spectra of tyrosyl radicals have been used to probe their electrostatic environment (20-23). In this work, we have used multifrequency EPR spectroscopy to assess the electronic nature of the Compound I intermediate of three turnip isoperoxidases. The 9 GHz EPR spectra of the TP1, TP3, and TP7 isozymes treated with hydrogen peroxide were consistent with an oxoferryl moiety in exchange interaction with a porphyrinyl radical. A dramatic pH dependence of the Compound I EPR spectra was observed for the three isoperoxidases and correlated to changes in the magnetic interaction between the oxoferryl moiety and the porphyrinyl radical species. The EPR spectrum of TP7 Compound I at pH 7.7 reflected the formation of an additional narrow radical species with different relaxation properties. The high-field (285 and 190 GHz) EPR spectrum of this radical could be simulated with g values well within those expected for known in vitro and in vivo tyrosyl radicals (23, and references therein). A relationship between the redox midpoint potentials of the oxidized isozymes and the nature of the observed radical intermediate(s) is proposed and related to potential functional differences among the turnip isoperoxidases. MATERIALS AND METHODS Sample Preparation. Isozymes 1, 3, and 7 were purified from B. napus L. turnip roots (blanc dur d’hiver variety) as previously described (5). For the EPR measurements, the enzymes were in 100 mM Tris-HCl buffer (pH 7.7) or 100 mM acetate buffer (pH 4.5). Compound I samples were prepared by mixing manually 0.65 mM resting enzyme with a 2-fold excess of hydrogen peroxide (Aldrich), directly in the 4 mm EPR tubes kept at 0 °C. The reaction was stopped by rapid immersion of the EPR tube in liquid nitrogen, the overall procedure taking 30 s. The hydrogen peroxide concentration and the mixing time used in the experiments were those yielding the maximum Compound I intermediate, monitored by the intensity of the EPR signal.
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 FIGURE 1: The 9 GHz EPR spectra of turnip isoperoxidases 1, 3, and 7 in the resting state, obtained for samples at pH 4.5 (s) and 7.7 (‚‚‚). Experimental conditions: temperature, 4.2 K; microwave frequency, 9.42 GHz; modulation amplitude, 4 G; modulation frequency, 100 kHz; and microwave power, 1 mW.
 
 EPR Spectroscopy. Conventional 9 GHz EPR measurements were taken using a Bruker ER 200 spectrometer with a standard TE102 cavity equipped with a liquid helium cryostat (Oxford Instruments), a microwave frequency counter (Hewlett-Packard model 5350B), and an NMR gaussmeter (Bruker model ER035M). High-field EPR measurements were performed on a lab-built spectrometer described previously (23). The fundamental frequency (9296 GHz) was doubled or tripled using an InP frequency doubler or tripler (Radiometric Physics, Meckenheim, Germany). The frequency was measured by using a frequency counter (EIP Microwave Inc., Milpitas, CA) with a specific accuracy of 1 kHz. Errors in g values were dominated by measurements in the magnetic field. The apparent g value of the Mn(II) MgO standard (23, and references therein) could be determined to within (1 × 10-5. Consequently, the magnetic field could be calibrated to this accuracy. The reproducibility of the g values for a given sample was less than 5 × 10-5. The linearity of the magnetic field sweep was no greater than that of the g value determination. The absolute field uncertainty was as large as 1.0 mT or about an error of 1 × 10-4 in g values for the measurements performed at 10 T. Simulations of the EPR Spectra. The HF-EPR powder spectrum of the tyrosyl radical was simulated using locally written Fortran programs with standard numerical routines (24). The calculated spectrum was generated as previously described (23). RESULTS Figure 1 compares the 9 GHz EPR spectra of turnip isoperoxidases 1, 3, and 7 (TP1, TP3, and TP7, respectively) obtained for samples of the resting enzymes at pH 4.5 and 7.7. In all cases, axial EPR spectra with main resonances at g|eff ≈2 and g⊥eff between 6 and 4 were observed. Such spectra are characteristic of heme iron in the ferric [Fe(III)] high-spin and quantum-mixed spin states (18, 25). In addition, a broad feature extending from 2000 to 3600 G was observed for the three isoperoxidases. This signal is attributed to two different low-spin ferric iron species,
 
 6862 Biochemistry, Vol. 40, No. 23, 2001 previously reported for heme enzymes (see ref 18). It is of note that both low-spin species are better discerned at 20 K (data not shown). One of the rhombic low-spin signals, with observed effective g values of 2.94, 2.10, and 1.66, has been detected previously in the spectrum of cytochrome c peroxidase and ascorbate peroxidases, both in their resting state (26, 32). The other rhombic signal, with observed g values of 3.19, 2.05, and 1.28 (the third g value was readily observed when recording the spectra at higher temperatures), is reminiscent of the EPR spectra from different cytochromes (see ref 18, and references therein). An increasing proportion of the low-spin signal(s) as compared to the high-spin ferric signal was observed for TP1, TP3, and TP7 (ILSTP7 > ILSTP3 > ILSTP1). The nearly axial high-spin EPR signal of TP1, with observed g values of 6.03, 5.67, and 1.98 for gy, gx, and gz, respectively, exhibited a weak pH dependence (Figure 1). In contrast, an evident pH-dependent change from axial (pH 4.5) to rhombic (pH 7.7) character was observed for the EPR signal of TP3 and TP7 (Figure 1). At pH 7.7, the effective g values of the TP3 rhombic signal were 6.28, 5.36, and 1.98 for gy, gx, and gz, respectively. In addition, a broad feature (∼300 G) centered at g ) 4.8 was observed for isoperoxidases 1 and 3. Similar broad EPR spectra were assigned to quantum-mixed intermediate spin states in cytochrome c′ (27) and model complexes (28). More recently, such an admixture of high-spin (S ) 5/2) and intermediate-spin (S ) 3/2) states has been invoked for soybean peroxidase (29). Isoperoxidase 7 showed an axial signal with g values and a pH dependence similar to those of TP3 (Figure 1, bottom). Two unexpected peculiarities observed for isoperoxidase 7 were the absence of an additional quantum-mixed spin signal and the marked relative conversion of the resting enzyme from the high-spin to lowspin state as a function of pH (see Figure 1, bottom). Figure 2 shows the 9 GHz EPR spectra of the catalytic intermediates obtained by the reaction of resting turnip isoperoxidases 1 and 3 with hydrogen peroxide at pH 4.5 and 7.7. For both isoperoxidases, a broad axial signal extending over 2500 G was observed and the shape was pHdependent. The TP1 EPR spectrum at pH 7.7 was an axial pattern with the following observed effective g values: g⊥ ) 2.40 and g| ) 2.00. At pH 4.5, the low-field edge shifted downfield (g⊥ ) 2.67) and the narrow feature at g| ) 2.0 became more asymmetric (see Figure 2, top). The peroxideinduced intermediate spectrum of TP3 at both pH values showed only minor differences in effective g values as compared to that of TP1 (see Figure 2, bottom). Unlike the signals of an isolated organic radical, the broad EPR signals were hardly observable at temperatures of >30 K (data not shown) due to relaxation broadening (30). Both TP1 and TP3 EPR spectra resemble the [Fe(IV)dO por•+] intermediate spectrum previously reported for Micrococcus lysodeiktikus (31) and Proteus mirabilis (16) catalases as well as for ascorbate (32) and lignin (33) peroxidases. The absorption derivative EPR spectrum was readily observed at low temperatures, although fast passage effects can be expected (31, 33). For all these enzymes, the axial pattern was assigned to a porphyrinyl radical in a ferromagnetic exchange interaction with the oxoferryl heme iron. The situation for TP7 was to some extent different (Figure 3A). The Compound I EPR spectra were essentially identical
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 FIGURE 2: The 9 GHz EPR spectra of the Compound I intermediate [Fe(IV)dO por•+] of turnip isoperoxidases 1 and 3 (TP1 and TP3, respectively) generated by the reaction of the ferric enzymes, shown in Figure 1, with hydrogen peroxide. The experimental conditions were the same as those described in the legend of Figure 1.
 
 to those of TP3 measured at equivalent pH values. An axial pattern with g⊥ ) 2.56 and g| ) 2.00 for the sample at pH 4.5 and a narrow feature at g ) 2.00 with broad wings extending both to high and low fields were observed for the sample at pH 7.7. By contrast, an additional narrow radical where giso ) 2.0043 could be observed at pH 7.7 (Figure 3B) when using experimental conditions for which the porphyrinyl radical intermediates of TP1 and TP3 could not be detected (T g 30 K, microwave power e 50 µW). The overall breadth (50 G), the peak-to-trough width (17 G), and the saturation properties of the narrow radical were comparable to those of the tyrosyl radical intermediate in bovine liver catalase (15) (Figure 3B). Spin quantification of the narrow radical signal yielded 0.25 spin/heme. In addition, when using 4-fold more concentrated ferric isozyme 7 to generate Compound I, only the narrow radical signal could be detected (Figure 3A, inset). The difference in g values determined at the zero-crossing points of the narrow radical signal and of the g| component of the por•+ (labeled pH 7.7* and pH 7.7, respectively, in the inset of Figure 3A) was the same as that previously reported for the tyrosyl and porphyrinyl radical intermediates in bovine liver catalase (16). Tryptophans and tyrosines can play the role of redox-active amino acid residues in peroxidase catalysis (for a review, see ref 17). For example, Trp 191 is the site for the radical formation of the catalytic [Fe(IV)dO Trp•+] intermediate in cytochrome c peroxidase (14). An alternative radical site for
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 FIGURE 4: High-field EPR spectra of the narrow radical intermediate of turnip isoperoxidase 7 (TP7) formed at pH 7.7 and recorded at microwave frequencies of 190 (top) and 285 GHz (middle). Simulation of the 285 GHz spectrum is superimposed on the experimental spectrum (middle, solid gray line). Spectra were recorded at 10 K, using a field modulation of 10 G (20 G for the 285 GHz spectrum) and a frequency modulation of 30 kHz. The 285 GHz spectrum of the tyrosyl radical in bovine liver catalase (Tyr•BLC), recorded at 30 K and with a field modulation of 10 G, is shown for comparison. The arrows show the lines corresponding to a Mn(II) contamination (see the text).
 
 FIGURE 3: (A) The 9 GHz EPR spectra of the Compound I intermediate of turnip isoperoxidase 7 (TP7) obtained under the same conditions as those of TP1 and TP3 (see Figure 2). The inset shows the expansion of the higher-field region of the Compound I spectra (g|eff component), together with the Compound I spectrum obtained by using a 4-fold more concentrated TP7 sample (labeled pH 7.7*). (B) The 9 GHz EPR spectrum of the TP7 radical obtained at pH 7.7 but recorded with a microwave power of 50 µW and a modulation amplitude of 0.6 G at 30 K. The tyrosyl radical intermediate of bovine liver catalase is shown for comparison.
 
 the oxidation of veratryl alcohol has been assigned to Trp 171 in lignin peroxidase (44). A tyrosyl radical intermediate has been identified in the peroxidase cycle of prostaglandin H synthase (for a review, see ref 17). Very recently, an organic radical has been observed when mixing substratefree cytochrome P450cam with peroxyacetic acid. The 9 GHz EPR signal of such a radical was proposed to arise from the oxidation of a tyrosine residue (34). In turnip isoperoxidase 7, the overall shape of the 9 GHz EPR spectrum of the narrow radical is very similar to that of the tyrosyl radical in bovine catalase (see Figure 3B). Simulations of the 9 GHz spectrum of the TP7 narrow radical were not helpful in unequivocally assessing the nature of the radical due to the unresolved hyperfine couplings and g anisotropy. In contrast, the high-field EPR spectrum of the TP7 radical was much more informative. The HF-EPR spectrum, recorded at 190 and 285 GHz, was dominated by g anisotropy, defined as ∆g ) |gx - gz|. The ∆g value of 0.0046 was inconsistent with that of an isolated tryptophanyl radical (∆g ) 0.0012; F. Lendzian, personal communication). The field positions of the three readily observed features were those expected for the intrinsic g values of a tyrosyl radical like that of the bovine catalase intermediate (see Figure 4,
 
 bottom). Moreover, the spectrum was essentially identical to the HF-EPR spectrum of the in vitro Tyr•, generated by γ-irradiation of tyrosine hydrochloride crystals (35). The powder pattern of the HF-EPR spectrum of the TP7 radical could be best simulated with g values of 2.0066(0), 2.0043(0), and 2.0020(8) for gx, gy, and gz, respectively (see Figure 4, middle). A distribution in gx values (with a Gaussian width of 0.00070) was necessary to account for the broad gx component of the spectrum. Comparison of the 285 and 190 GHz EPR spectra of the TP7 radical both plotted in g values (Figure 4, top and middle) showed that the width of the three components of the g tensor are invariant and hence not due to hyperfine couplings. Consequently, the broad gx component originates from an asymmetric environment of the radical. A similar low gx value and a broad gx component were observed in the HF-EPR spectrum of the in vitro tyrosyl radical generated by γ-irradiation of tyrosine crystals (35). The structural data of the tyrosine crystals indicated the presence of a strong hydrogen bond, at a distance of 1.6 Å, donated by the protonated carboxylic group of a neighboring tyrosine residue (36). Presumably, the presence of a positively charged amino acid residue close to the radical would have the same effect on the gx value (37). Accordingly, we assign the TP7 Compound I spectrum (pH 7.7) to a tyrosyl radical in an electropositive environment. The four small lines (marked with arrows in Figure 4, top) in the 190 GHz EPR spectrum originated from a Mn(II) contamination. Two of the six hyperfine lines from the Mn(II) spectrum are outside the range shown in Figure 4. The Mn(II) lines were not observed in the 285 GHz spectrum because of thermal depopulation. DISCUSSION The EPR spectra of the three turnip isoperoxidases, TP1, TP3, and TP7, were typical of heme peroxidases in the
 
 6864 Biochemistry, Vol. 40, No. 23, 2001 resting Fe(III) state. The EPR spectrum reflects structural features of the heme active site, and correlates to the oxidation, the spin state(s), and the coordination number of the heme iron (18). Accordingly, structural differences between the three isoperoxidases could be assessed. The EPR spectra of the turnip isoperoxidases allow us to conclude that TP1, TP3, and TP7 (at pH 4.3) are all high-spin hexacoordinated species. Presumably, the internal ligand is a structural water as in the case of cytochrome c peroxidase in solution (for a review, see ref 1). Moreover, only TP3 at pH 7.7 exhibited an EPR spectrum consistent with a pentacoordinated heme iron. This effect is most probably due to the displacement of the structural water as a function of pH. It is of note that in the recombinant HRP C enzyme, resonance Raman (38) and structural data (11) were interpreted as arising from a high-spin pentacoordinated heme iron. In contrast, wild-type HRP C was reported to be in a mixture of penta- and hexacoordinated high-spin ferric states (39). An equilibrium between high-spin only and an admixture of high- (S ) 5/2) and intermediate-spin (S ) 3/2) states was observed for isozymes 1 and 3. The resonance at g⊥ ≈ 4.8 (Figure 1, top and middle) reflects the presence of the intermediate-spin state. Similar spectra were reported for horseradish peroxidases A2 and C2 (25), including a pHdependent equilibrium between the high-spin and the quantum mixed-spin states. The absence of the g ≈ 4.8 EPR signal for TP7 (Figure 1) indicates that all the centers are in the high-spin hexacoordinated state. Such a difference between TP7 and the other two isozymes could arise from a difference in the position of the iron atom with respect to the heme plane. Different proportions of the two different low-spin species were present in the isozymes (ILSTP1 < ILSTP2 < ILSTP7), with a higher content of that reminiscent of cytochromes (gmax ) 3.13) in TP7 at acidic pH. Clearly, the centers with such a ligation would not react with hydrogen peroxide. The recombinant HRP C structural data revealed that the distal histidine (His 42) is 5.7 Å away from the iron atom. Our EPR data strongly suggest that in TP7 the equivalent (so-called distal) histidine residue coordinates to the sixth position of heme iron. The Compound I EPR spectra of turnip isoperoxidases 1, 3, and 7 (and in particular those corresponding to the samples at acidic pH) were remarkably similar to that of the exchanged coupled oxoferryl-porphyrinyl radical pair that constitutes the Compound I intermediate of M. lysodeikticus catalase (31). Similar spectra were reported for lignin and ascorbate peroxidases (32, 33). In all cases, the spectra were analyzed by using the model proposed by Schulz and coworkers (40) for horseradish peroxidase Compound I. In this model, the effective g values of the EPR spectrum depend on the interaction parameter (J), the zero-field splitting (D) of the oxoferryl iron, and the g values of the interacting species (40). To a first approximation, when the Zeeman energy is small compared to the zero-field splitting, the effective g values are given by
 
 g|eff ) grad g⊥eff ) grad + 2g⊥Fe(J/D) where grad is the g value of the isolated porphyrinyl radical (taken to be isotropic and approximately equal to 2.0, if
 
 Ivancich et al. considering the resolution of the 9 GHz EPR spectrum), g⊥Fe represents the g component of the oxoferryl iron [g⊥Fe ) 2.28 and g| Fe ) 1.94 (41)], and D is the zero-field splitting parameter of the oxoferryl iron. The EPR spectrum of the exchange-coupled species arises from the lowest of the three Kramers doublets, which is well separated in energy from the other two, and can be represented as an effective spin Seff of 1/2 (42). A thorough description of the model and its implications has been given by Hoffman and co-workers (31, 42) and will not be repeated here. Recently, we have used HF-EPR combined with a more general description using an anisotropic spin-spin interaction representation to analyze the exchange-coupled oxoferryl-tryptophanyl radical intermediate in cytochrome c peroxidase (35). The effective g values of the Compound I intermediate observed for TP1, TP3, and TP7 at acidic pH imply a J/D value of approximately 0.16 when using the approximation for effective g values shown above. Such a value implies a weaker ferromagnetic interaction compared to that of the bacterial catalase [J/D ) 0.40 (31)]. The spectra of the basic pH forms of TP1, TP3, and TP7 Compound I were very similar to that of horseradish peroxidase (40). Accordingly, they could be explained by a weak exchange coupling (J/D < 0.1) with a contribution of both ferro- and antiferromagnetic interactions. A model for understanding the differences (ferro- or antiferromagnetic) in the exchange interaction of the [Fe(IV)dO por•+] intermediates of peroxidases, catalases, and model complexes has been previously proposed. A mechanism involving hydrogen bonding to the axial ligand has been invoked for the regulation of the delocalization of the unpaired electron not only over the porphyrin but also over the proximal axial ligand. Accordingly, the effect of hydrogen bonding to the proximal axial ligand would be responsible for the predominant ferromagnetic character of the exchange interaction in catalases and peroxidases (31, 43). We have previously observed a subtle modification of the Compound I EPR spectrum of P. mirabilis catalase, which was interpreted as the effect of protonation and/or deprotonation of proximal and/or distal histidine residues (16). The dramatic pH-dependent changes observed in this work, for the Compound I EPR spectrum of turnip isoperoxidases, confirm and reinforce the proposal of a protein fine-tuning effect on the nature of the magnetic interaction of the oxoferryl-porphyrinyl radical pair. The correlation of the type of exchange interaction and the specific enzyme activity remains to be addressed. Isozyme 7 was proposed to have a differential physiological role among the turnip isoperoxidases based on the physicochemical differences, such as the isoelectric point, the redox potentials of the reduced and oxidized enzyme, and the charge transfer bands in the electronic absorption spectrum (8). The EPR characterization of the Compound I intermediates in turnip isozymes shown in this work strongly argues for an additional peculiarity concerning the nature of the radical intermediates formed by isoperoxidase 7. At pH 4.5, an exchange-coupled oxoferryl-porphyrinyl radical species similar to those observed for TP1 and TP3 was observed for TP7. By contrast, another radical species was formed together with the porphyrinyl radical, at pH 7.7. The HF-EPR spectrum of the unexpected additional radical species of TP7 was assigned to a tyrosyl radical in a distributed electropositive environment (see the Results). An
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 Table 1: Environment of Candidates for the Radical Site in Turnip Isoperoxidase 7 Tyr 233 OTyr-Fe distance (Å) H-bond donor(s)
 
 8.4 Asp 247, water 855 H-bond distance (Å) 1.66 4.44 Lys residue none NHLys-OTyr distance Arg residue none NHArg-OTyr distance (Å) -
 
 Tyr 7
 
 Tyr 185
 
 Tyr 266
 
 25.6 Asp 99, water 782 1.54 3.00 none none -
 
 21.7 water 874
 
 16.6 none
 
 3.2
 
 -
 
 none Arg 206 6.6
 
 none none -
 
 FIGURE 5: Proposed heme active site and redox-active tyrosine residue in turnip peroxidase 7, based on the crystal structure of horseradish peroxidase C (11) and the amino acid sequence alignment of HRP C and TP7 (13, 49). Structural waters near Tyr 233 (see Table 1) and the heme iron are also represented by their oxygen atom.
 
 equivalent situation has been reported previously for bovine liver catalase (16), although the formation of the tyrosyl radical was not pH-dependent in that case (23). The primary structure of TP7 shows that the enzyme contains only four tyrosine residues. No crystal structure has been determined for the turnip peroxidases. Nevertheless, it is possible to use the crystal structural data of HRP C together with the sequence alignment of both enzymes (13, 49) as a structural model of TP7. Such a model is useful in visualizing the purported positions and environments of the tyrosine residues. Accordingly, three such residues [Tyr 7, Tyr 185, and Phe 266, respectively (Tyr in TP7), if using the HRP C numbering] are close to the enzyme surface, hence more than 16 Å from the heme iron atom (see Table 1). Thus, if any of these three tyrosine residues is the radical site, a role as an alternative substrate binding site could be envisioned considering the recent evidence for a redox-active amino acid residue located on the enzyme surface of lignin peroxidase (44, 45). A mechanism of intramolecular electron transfer between the porphyrin and the surface tryptophan residue has been proposed for lignin peroxidase (45). In contrast, Tyr 233 is on the proximal site and less than 10 Å from the heme iron (see Table 1). The carboxyl group of Asp 247, 1.6 Å from the phenol oxygen, could be the strong hydrogen bond donor to the tyrosyl radical with His 170 (N at 4.4 Å) playing the role of the base for deprotonation (see Figure 5). It is of note that Asp 247 is proposed to form a strong H-bond to Nδ of His 170, thus increasing the basicity of the axial ligand and helping to stabilize the [Fe(IV)dO por•+] intermediate (see, for example, refs 11 and 46). A possible mechanism in TP7 is that Asp 247 stabilizes either the porphyrinyl radical or the tyrosyl radical, depending on the pH. An equivalent situation is observed in cytochrome c peroxidase involving the His 175-Asp 235-Trp 191 triad, with
 
 His 175 being the fifth ligand to the iron, Trp 191 the radical site, and Asp 235 the H-bond donor that stabilizes the tryptophanyl radical (47). Only partial primary sequences are available for TP1 and TP3. Hence, it is not possible to determine whether the four tyrosines of TP7 are conserved in the other isozymes. It is of note that a nonconserved tyrosine residue is not necessarily the best candidate for the radical site. The best example is the radical site in cytochrome c peroxidase, Trp 191; even if it is conserved in ascorbate peroxidase, the latter does not stabilize a tryptophanyl radical as catalytic intermediate but a porphyrinyl radical (32). Finally, the question to address is whether such a tyrosyl radical has a specific functional role. An attractive hypothesis is that the nature of the radical intermediate (porphyrinyl or tyrosyl radical) is related to the Compound I redox potential required to oxidize specific substrates. The redox potential of the Compound I intermediate in horseradish peroxidases is approximately 1 V at pH 6.0 and it decreases by 500 mV at pH 11 (48). The fact that the redox potential of TP7 Compound I was reported to be 60 mV higher than that of isozyme 1 at pH 8 (6) may be directly related to the formation of a tyrosyl radical intermediate. Redox potentials of proteinbased radical intermediates in enzymes cover a wide range of values between 0.6 and 1.3 V (for a review, see ref 17), depending on the electrostatic environment. Taken together, these observations argue that isoperoxidase 7 is the sole turnip isozyme forming a protein-based Compound I intermediate with an oxidation potential that is higher than that of the characteristic porphyrin-based intermediate at basic pH. In addition, this isoperoxidase is expressed only in winter and, thus, could be related to specific cellular oxidative stress conditions. We propose that the observed pH-dependent nature of the radical formed in TP7 is a starting point for understanding the role of isozymes in plant peroxidases. Further experiments will be carried out to test whether substrate specificity correlates with the nature of the radical intermediates (porphyrinyl- or amino acid-based) in TP7. Moreover, to identify the tyrosyl radical site in TP7 and to clarify whether it is an alternative protein site close to the enzyme surface (Tyr 7) or to the heme active site (Tyr 233), site-directed mutagenesis and/or deuteration of the tyrosine residues in TP7 combined with HF-EPR measurements will be performed. ACKNOWLEDGMENT We thank Drs. Sun Un, Pierre Dorlet, and A. William Rutherford for stimulating discussions and critically reading the manuscript. We also thank one of the reviewers for the very helpful comments and remarks. REFERENCES 1. Dunford, B. (1999) in Heme Peroxidases, John Willey and Sons, New York. 2. Smith, A. T., and Veitch, N. C. (1998) Curr. Opin. Chem. Biol. 2, 269-278. 3. Gelpke, M. D. S., Sheng, D., and Gold, M. H. (2000) Arch. Biochem. Biophys. 381, 16-24. 4. Welinder, K. (1992) Curr. Opin. Struct. Biol. 2, 388-393. 5. Mazza, G., Charles, C., Bouchet, M., Ricard, J., and Raynaud, J. (1968) Biochim. Biophys. Acta 167, 89-98. 6. Ricard, J., Mazza, G., and Williams, R. J. P. (1972) Eur. J. Biochem. 28, 566-578.
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