





The reaction of horse heart metmyoglobin (metMb) and human methaemoglobin (metHb) with hydrogen peroxide H2O2 was studied by Electron Paramagnetic Resonance spectroscopy at room temperature. The metMb / H2O2 system is characterised by a 7-component EPR signal (septet) and the metHb / H2O2 system – by a radical with a 5-component signal (quintet) is seen in . When reaction mixtures are frozen, the septet in metMb / H2O2 is still a seven component signal, while in the metHb / H2O2 system, the quintet at room temperature is transformed to a poorly resolved, almost singlet EPR spectrum at low temperature. The quintet (or the singlet if the sample is frozen) is shown to originate from a tyrosyl radical. The recently reported interpretation of the septet [3] as the spectrum of a highly constrained, conformationally unstable tyrosyl radical, has been questioned. It is shown that no rotational angle of the phenoxyl ring with respect to the methylene group in tyrosyl radical can be responsible for the observed 7-component spectrum. Therefore, more data should be obtained in order to elucidate the nature of the radical responsible for the septet in the horse heart metMb / H2O2 system. 

Methaemoglobin (metHb) or metmyoglobin (metMb) reacts with hydrogen peroxide (H2O2) with production of the oxo-ferryl haem state FeIV=O and a globin free radical [1, 2]:

FeIII___G + H2O2 ( FeIV=O___G●+  +   H2O

We have studied the free radical formation in horse heart metMb and human metHb at room temperature and compared the results with those obtained in low temperature experiments. The figure below shows consecutively measured EPR spectra of metMb mixed with H2O2 at oxygenated and deoxygenated conditions. The first spectrum in the oxygenated series in fig. 1 has a strong broad feature with a maximum at 3410 G. The EPR signal responsible for this feature can be extracted in a pure line shape (fig. 2, C) This signal is very close to the previously described spectrum of peroxyl radicals detected at room temperature [3]. The peroxyl radical signal disappears very fast, and a seven component signal can be detected (fig. 2, D).

The seven component signal (septet) detected in the liquid phase (fig.2, D) can also be detected in the frozen samples (fig. 3). The septet was simulated within the hypothesis of four non-equivalent protons, H1 – H4, causing  the  hyperfine  structure.  This  hypothesis  works   well   for
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Figure 1. The consecutavely measured EPR spectra of the reaction mixture of 0.75 mM metMb and 0.75 mM H2O2 at pH 8. A – metMb solution was equilibrated with oxygen at 293 K for 1 h and H2O2 solution was gently bubbled with oxygen for 15 minutes before use. B – similar to A but nitrogen was used instead of oxygen.
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Figure 2. The peroxyl radical EPR signal and the septet detected in the metMb / H2O2 system at room temperature. A, the EPR spectrum measured 28 s after mixture of 0.75 mM metMb and 0.75 mM H2O2 at pH 8, oxygen saturated. B, the same as A but solutions were nitrogen saturated. C, the peroxyl radical signal obtained as the difference spectrunm C = A – 1.026xB. D, the same as B but the spectrum was measured 70 s after mixture. 



simulation of both room and helium temperature spectra (fig. 3). When the solution is frozen, the hyperfine splitting constants are slightly greater and the g-factor anisotropy is slightly decreased (tab. 1). 

The liquid phase spectrum of the metHb / H2O2 system is characterised by a EPR signal with 5 components (quintet). When the solution is frozen, a singlet is detected. The line shape of the singlet implies that it could be, in fact, a multiplet with a blurred hyperfine structure. Indeed, when the singlet in the frozen samples and the quintet of the liquid phase are superimposed (fig. 4), the features on the singlet that could be taken for a hyperfine structure, fit perfectly well to the five components of the quintet.  The  third  spectrum  C  in  fig. 4  is  an  EPR

              Table 1. The parameters of the simulation of the septet in the metMb / H2O2 system in the liquid and frozen states (the spectra are given in figure 3)



Room temperature

(Figure 3, C)
10 K

(Figure 3, B)



aH1, G
6.3
7.2



aH2, G
7.8
8.1



aH3, G
12.8
13.5



aH4, G
15.5
16.8



g ((
2.011
2.0045



g (
2.005
2.0045



Line width, G
5.5
6.0



Line shape
almost Lorentzian
pure Lorentzian
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    Figure 3. The comparison of the septet EPR signal detected in the metMb / H2O2 system at 10 K and at room temperature. A, the EPR spectrum measured at 10 K. B, the septet obtained as a set of low temperature spectra subtractions; the septet’s components are clearly seen in spectrum A. C, the septet directly measured at room temperature (signal D of figure 2). Noisy traces are the experimentally obtained spectra; smooth traces overlaid with the experimental septets B and C are computer simulations with the parameters given in Table 1. The distance between the gridlines is 10 G.



signal of the radicals produced in a green plant (Arabidopsis thaliana) under intensive light stress. The latter spectrum is well characterised in a number of publications – it is a spectrum of the tyrosyl radical of Photosystem II [4-7]. Spectra B and C in fig. 4 have identical line shape. 

The quintet in the liquid phase can be simulated (fig.4, B) using the hyperfine splitting constants for the tyrosine radical published before (tab. 2). The spectrum in the frozen metHb / H2O2 system (fig. 4, A) was simulated using the same set of parameters by allowing a slight increase of all the hyperfine splitting constants and by making the g-factor anisotropy slightly smaller (tab. 2). 

Thus, the room temperature spectrum of metHb mixed with H2O2 is identical to the spectrum of a known tyrosyl radical; it could be simulated with a good degree of accuracy using the parameters of tyrosine  radical

established elsewhere. Therefore, we can conclude that the radical detected at both room temp-erature and at 10 K in the metHb / H2O2 system is a tyrosyl radical. 

The 7-component EPR signal seen at room temperature in the reaction mixture of horse heart metMb and H2O2 was assigned to comformationally con-strained Tyr103 radical [3]. The arguments used were as follows.

   First, spin trapping showed that the long lived (~10 min) radical trapped in this system is a Tyr radical. 
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Figure 4. The EPR signals of the tyrosyl radical. A – the spectrum (10 K) of a frozen (29 s) sample of metHb reacting with H2O2. B – the spectrum of metHb reacting with H2O2 at room temperature. C – the difference spectrum [whole green leaves stressed by intense light for 1 h] – [whole unstressed leaves], both stressed and control leaf spectra were measured at 10 K. The noisy traces are the experimentally obtained spectra; the smooth traces overlaid with the experimental spectra A and B are the computer simulations with the parameters given in Table 2. The gridlines are drawn at a 10 G interval.

   Second, site-directed mutant myoglobins, with either Tyr103 or Tyr146 replaced by phenylalanine, showed that formation of the spin adducts requires the presence of Tyr103. 

   Third, the 7-component signal was simulated with a good degree of correspondence using the hyperfine splitting constants which the authors believe are characteristics of a highly constrained, conformationally unstable tyrosyl radical: aH2,6 = 1.3 G; aH3,5 = 7.0 G; aH = 16.7 G; aH = 14.2 G. 
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The “highly constrained” conformation of the Tyr radical implies, in authors’ opinion, that the angle  (see fig. 5) is –34o, i.e. when the methylene protons are located almost symmetrically on opposite sides from the phenoxyl ring, and the C ( R bond is in the ring’s plane. 

We now consider these arguments in light of our results and other data available.

First, the concentration of protein in the spin trapping experiment was much higher that the protein concentration in the liquid phase experiment. As a result, all the primary radicals were transformed to the Tyr radicals very fast and it was indeed the Tyr radicals that was trapped. However, the Tyr radicals are not the species responsible for the septet. The evolution of the septet into the “quintet”, the latter being rather seen as a poorly resolved doublet due to insufficient signal-to-noise ratio, has been unambiguously documented in the paper [3]. This evolution happens much faster, when total protein concentration is  high.

Second, the authors used site-directed mutants of sperm whale Mb, since those for horse heart Mb were not available [3]. This, however, doesn’t seem to provide the right basis for interpretation of the septet since there is no septet formed in the wild type sperm whale metMb / H2O2 system (our unpublished data). 

Third, the authors’ conclusion that the hyperfine splitting constants for the methylene protons, found from the signal simulation, should correspond to  = –34o was based on the data calculated for dif-     ferent phenoxyl ring / methylene group orientations [9]. These data were

Table 2. The parameters of the simulation of the quintet in the metHb / H2O2 system in the liquid and frozen states (the spectra are given in figure 4)



Room temperature

(Figure 4, B)
10 K

(Figure 4, A)



aH3,5, G
6.18 [8, 9]
6.9



aH2,6, G
1.5 [8]
2.8



aH1, G
6.7 [9]
7.1



aH, G
6.7 [9]
7.1



g ((
2.007
2.0068



g (
2.001
2.0028



Line width, G
5.5
6.0



Line shape
pure Gaussian
almost Lorentzian
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Figure 5. The hyperfine splitting constants of the methylene protons in tyrosyl radical. As rotation angle  between one of the H bonds (H1) and the -system axis changes, the constants follow a cos2dependence, identical for both protons but shifted by 120o – the angle between the two H bonds. The indicated values of the constants, calculated for four different values of (-30o, +33o, +47.5o and +60o) and tabulated in [9], were used to plot this graph. When  = 60o, the two methylene protons are equivalent with the hyperfine splitting constant 6.7 G. When  = -34o the hyperfine splitting constants for H1 and H2 are 18.5 and 21.8 G respectively.



presented in the paper in the tabulated form, and particular -value of ‑34o was not presented in the table [9]. Therefore it was difficult to say whether this angle indeed corresponds to the methylene protons constants 16.7 and 14.2 G.

We used the data from [9] to plot continues graphs for hyperfine splitting constants for both protons (fig. 5) and found that this is not the case. Angle  = –34o  corresponds to aH =18.5 G; aH =21.8 G, which, if used in the simulation, would result in a spectrum, very different from the experimental one. More than that, the constants 16.7 and 14.2 G do not correspond to any value of angle  (fig. 5). It is therefore hardly possible that the spectrum (simulated with a high degree of correspondence to the experimental spectrum) with the use of methylene proton constants 16.7 and 14.2 G, could originate from the tyrosyl radical.

We therefore conclude that at present, there is no hard evidence allowing to assign the septet to the tyrosyl radical. We do not know which radical is responsible for the septet. Our simulation of the septet, which uses constants similar to those used in [3], implies presence of four non-equivalent protons, two of which have hyperfine splitting constant (12.8 and 15.5 G, tab. 1) close to the alleged methylene protons (14.2 and 16.7 G, [3]), and the other two (6.3 and 7.8 G), when averaged, are identical to the Gunther’s alleged meta protons constant aH3,5 =7.0 G. 
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