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The method of Electron Paramagnetic Resonance (EPR)
spectroscopy was used to study the reaction of human
methaemoglobin (metHb) with hydrogen peroxide. The
samples for EPR measurements were rapidly frozen in
liquid nitrogen at different times after HxO2 was added
at 3- and 10-fold molar excess to 100 pM metHb in
50 mM phosphate buffer, pH 7.4, 37°C. Precautions
were taken to remove all catalase from the haemoglobin
preparation and no molecular oxygen evolution was
detected during the reaction. On addition of H202 the
EPR signals (- 196°C) of both high spin and low spin
metHb rapidly decreased and free radicals were
formed. The low temperature (- 196°C) EPR spectrum
of the free radicals formed in the reaction has been
deconvoluted into two individual EPR signals, one
being an anisotropic signal (gi1=2.035 and g1 = 2.0053),
and the other anisotropicsinglet (g =2.0042, AH=20G).

The former signal was assigned to peroxyl radicals. As
the kinetic behaviour of both peroxyl (ROO") and non-
peroxyl (P ) free radicals were similar, we concluded
that ROO" radicals are not formed from P* radicals by
addition of Oz. The time courses for both radicals
showed a steady state during the time required for H2O2
to decompose. Once all peroxide was consumed, the
radlcal decayed with a first order rate constant of 1.42 x
107 57! (1:3 molar ratio). The level of the steady state

was higher and its duration shorter at lower initial
concentration of HxOz. The formation of the rhombic
Fe(Ill) non-haem centres with g = 4.35 was found. Their
yield was proportional to the H202 concentration used
and the centres were ascribed to haem degradation
products. The reaction was also monitored by EPR
spectroscopy at room temperature. The kinetics of the
free radicals measured in the reaction mixture at room
temperature was similar to that observed when the fast
freezing method and EPR measurement at—196°C were
used.

Key words: methaemoglobin, ferryl haemoglobin, hydrogen
peroxide, protein radical, peroxyl radical, EPR spectra
deconvolution

Abbreviations: Hb, haemoglobin; Mb, myoglobin; H20x,
hydrogen peroxide; EPR, Electron Paramagnetic Resonance;
DMPO, 5,5-dimethyl-1-pyrroline N-oxide; DPPH, 2,2"-
diphenyl-1- picrylhydrazyl

INTRODUCTION

The reaction of methaemoglobin (metHb, i.e. fer-
ric haemoglobin) with hydrogen peroxide (H:O:)
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has been studied since 1900." In the 1950’s it was
shown by electron paramagnetic resonance (EPR)
spectroscopy that free radicals are produced when
H;0; is added to either ferric haemoglobin or
myoglobin.” Kelso King and Winfield further
characterised this two electron oxidation process
and showed that it proceeded with the formation
of a ferryl haem iron, Fe(IV), detected by optical
spectroscopy, and a globin-associated freeradical,
detected by EPR specroscopy.’ It has been shown
in a number of EPR studies that free radicals are
formed in the reaction between H;O, and bovine
metHb,** horse metHb,” human metHb,*’ legHb,8
sperm whale metMb>’ and horse metMb.'*"!

A similar radical was found in nitrite mediated
oxidation of oxyhaemoglobin,”™ however, the
mechanism proposed suggested that the radicals
were formed from a step involving the direct
interaction of ferric haemoglobin and hydrogen
peroxide, both being produced during the
oxidation."”

There is conflicting evidence as to the nature of
the free radical(s) obtained. By comparative analy-
sis of amino acid residues, Kelso King et al.” came
to the conclusion that the free radicals observed in
a frozen solution were tyrosine based. The same
statement was made by McArthur and Davies,
who simulated an EPR spectrum of a tyrosine
derived phenoxyl radical and showed its similar-
ity to the experimentally derived spectrum of
metHb and H:O, at room temperature.* This inter-
pretation is further supported by findings that
show tyrosine residues in Mb are critical for form-
ing haem-protein cross links on interaction with
H,0,,'® and also play an important role in the
autoreduction process of ferryl."” The position of
this radical has been postulated to be on Tyr 151
in metMb'*"® and on Tyr -42 in bovine metHb.*
However, it was shown by site directed muta-
genesis that a radical was still produced when all
tyrosine residues were removed from sperm
whale Mb,” thus suggesting the presence of a
number of possible radical centres in the globin.

It is generally thought that peroxyl radicals are
produced in these reactions. The g = 2.03 EPR

signal, the parallel component of peroxyl radical
EPR signals,” was seen by Kelso King and
Winfield as early as in 1963, although at that time
this signal had not been interpreted as such. It was
in 1989 that the g = 2.03 band in metMb treated
with H-O; was assigned to peroxyl radicals for the
first time.” Recently it was confirmed with O"-
labelled molecular oxygen, as well as by measure-
ment of all three components of the peroxyl rad-
ical g-tensor, that peroxyl radicals are indeed
formed with metMb.” For the reaction between
methaemoglobin and hydrogen peroxide, the rad-
ical formed has been trapped by DMPO and the
adduct was interpreted as that of a peroxyl
radical.’

There appear to be some characteristics of the
reaction which are the same, independent of the
specific haemprotein used. For example, the
amount of globin free radicals formed is never in
the stoichiometry 1:1 with the protein. The ferric
haem is transformed rapidly and almost com-
pletely to the Fe(IV) state, but the levels of free
radicals formed are reported by different authors
to be between 4-16% of the protein.”*'"* Such a
low relative yield of one of the two oxidising
equivalents is thought to be related to the rapid
decay of the radical(s). However, a more stable
free radical has been reported for metMb and
H;0,, although in very low concentrations.”

We have shown elsewhere that very low con-
centrations of catalase contaminating a metHb
preparation, dramatically effects the kinetic
behaviour of the free radical(s) obtained.”* The
aim of this present investigation was to study the
radicals obtained in the reaction between catalase
free human metHb and H;O; by low temperature
(-196°C) and room temperature EPR spectro-
scopy. The results suggest that atleast two protein
based radicals are produced, a peroxyl and a non-
peroxyl radical. We give radiospectroscopic para-
mefers of these two kinds of radicals and the
methods of their quantitation in terms of absolute
concentrations. Furthermore it appears that the
peroxyl radical is not directly derived from the
observed nonperoxyl radical.
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MATERIALS AND METHODS

Human Hb was prepared according to Antonini
and Brunori,” further purified from contaminat-
ing catalase according to Bonaventura et al.*
using a DEAE Sephadex column pre-equilibrated
with 5 mM phosphate buffer, pH 6.7. The prepara-
tions of metHb have been checked for catalase
contamination by making sure that no oxygen
was evolved during the reaction with HO,. The
level of catalase was found to be less than 10™" M.
The concentration of metHb is expressed in this
paper in terms of haem iron concentration. Experi-
ments were conducted in 50 mM sodium phos-
phate buffer (pH 7.4) at 37°C or 20°C. The EPR
measurements were made at both liquid nitrogen
(-196°C) and at room temperatures using a Varian
E109 spectrometer equipped with an Archimedes
440 computer. A Marconi Instruments 20 GHz
Microwave Counter 2440 was used for microwave
frequency measurements. Modulation frequency
was 100 kHz, and microwave power and external
magnetic field levels were taken from spectrome-
ter settings.

Frozen EPR samples were made and measured
as described elsewhere.* Room temperature mea-
surements were conducted using a Bruker flat
cuvette. Hydrogen peroxide (0.080 ml of 20 mM
stock solution) was injected into the cuvette con-
taining 0.229 mM solution of metHb (0.7 ml) to
give the final desired concentrations. After injec-
tion of peroxide, the reacting mixture was allowed
to flow out of the cuvette, such that only its flat
part remained filled. EPR spectra were recorded
consecutively, each scan taking 65 seconds. So-
dium phosphate buffer (pH 7.4, 50 mM) was used
to measure a base line, which was subtracted from
all experimental spectra.

The g-factors of the signals in the 4000 G field
width spectra (Figure 1) were calculated by using
the g = 6 and g = 2.00 signals as references. The
g-factors in the free radical area (Figure 2) were
determined using a DPPH standard. In the liguid
phase experiment (Figure 7), a fresh ascorbic acid
solution was used as a standard: the reference

parameters of the ascorbic acid EPR doublet were
taken as g =2.00518 and aty = 1.76 G.”

The concentrations of paramagnetic species
were determined by double integration of the EPR
spectra, the degree of saturation being taken into
account when necessary. Second integrals of EPR
signals were considered proportional to con-
centration, and the reference was taken to a
known concentration of metHb in a frozen sample
after double integration of its EPR spectrum mea-
sured over a 4000 G range. The measured double
integrals were expressed in units of concentration
after normalisation to the same scan and integra-
tion range, using the relation: second integral o
1/(range of integration)”.

To quantify high spin and low spin metHb, the
EPR signals of which overlap, the following
formula was used:

[High spin metHb]  1.35 (Ag-s/Ag-225)
[Total metHb] = 1.35 (Ag-e/Ag-225)+1

(1]

where Ag— — the amplitude of the high spin g =6
signal and Ag. ;5 — that of the signal of the low spin
form g = 2.25 (see Figure 1, C). This formula was
empirically obtained from precisely determined
values of the second integral of the overall spec-
trum measured over 4000 G scan range and of the
parameters Age and Ag»s, for two different
metHb samples which contained low spin and
high spin forms in different proportions
(Appendix A).

RESULTS AND DISCUSSION

Characterisation of the EPR signals obtained at
-196°C

Figure 1 shows the EPR spectra of methaemo-
globin before and after addition of hydrogen per-
oxide. Before the addition (Figure 1, A), the
spectrum comprises mainly two EPR signals with
g =6 and g =2.25. In order to increase the signal-
to-noise ratio, an EPR spectrum of a high concen-
tration of metHb (I mM) has been recorded
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FIGURE1 The EPR spectra of frozen metHb solutions. A — 100 pM metHb. B - 100 uM metHb + 1 mM H20: frozen 15 s after addition
of hydrogen peroxide. C — 1 mM metHb; the way of measuring of the amplitudes of high spin (Ag = 6) and low spin (Ag = 2.25) EPR
signals is shown. Experimental conditions: microwave frequency v = 9.216 GHz; microwave power Pyw = 30 mW; central field Hy =
2331 G; sweep width AH =4000 G; sweep time ST = 180 s; time constant = 0.128 s; amplitude of modulation M =8 G; gain GN =2 x
10°%; number of scans NS =4; temperature of measurement T =-196°C. The g-factors are indicated with arrows, and relative amplification
of spectra — with the “x” signs. The g-factors 2.99, 2.93, 2.02, 1.76 and 1.69 indicate the positions of specific features of the spectrum
and are given to aid the reader. Inset - the g =4.35 signal recordered as a differential spectrum: a spectrum of metHb (100 uM) multiplied
by a variable factor was subtracted from a spectrum of metHb (100 pM) + H202 (1 mM) taken 50 min after mixing, i.e. when the g =
4.35 signal had reached its maximum value and no longer changed. The factor was varied to minimise input of the g = 6 signal in the
resultant spectrum. Experimental condmons for the spectrum in the inset: v = 9.216 GHz; Pmw = 50 mW; Ho = 1509 G; AH = 1000 G;
ST=655t1=0.1285 M=8G; GN =10% NS =32; T=-196°C.

(Figure 1, C). This spectrum clearly shows the EPR  with low spin haem Fe(III) ions which has three
signals of two main forms of metHb: with high  direction anisotropy of g-factor — with two g-fac-
spin haem Fe(Ill) ions characterised by axial sym-  tors being greater and one being less than 2.00.
metry and two g-factors (g1 =6 and gy = 2), and  There is an obvious mixture of different forms of
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the low spin haemoglobin (haemichromes) with
the g =2.25 band being a characteristic g--factor of
several forms of haemichromes.” We found by
applying formula [1] that average amount of the
high spin form in the control samples of metHb,
i.e. before addition of H205, is ~ 87-91% of total
metHb. Methaemoglobin, in absence of Hx(O;, did
not exhibit any free radical EPR signal.

A few seconds after addition of HO;, a free
radical EPR signal at g = 2.00 with a shoulder at
g = 2.03 appears, while the EPR signals of both
high spin and low spin metHb decrease. An iron
centre with an EPR absorption at g = 4.35, charac-
teristic of non-haem rhombic Fe(Ill) centres, ap-
pears (Figure 1, B). The release of haem iron,
presumably via haem degradation, opens up the
possibility of Fenton reactions. The appearance of
the g = 4.35 signal was H,O, dependent and can
be used as a measure of protein degradation. It
should be noted that the rhombic Fe(III) centres at
a very low concentration can also be detected in
the control samples (Figure 1, Aand C) illustrating
a spontaneous haem degradation process. For the
concentration of metHb used in most our experi-
ments, 100 pM, the concentration of the product
of spontaneous haem degradation was estimated
to be 0-3 pM. Irrespective of the precise concen-
tration of the rhombic Fe(Ill) centres in the control
sample, it increased significantly on addition of
H:O.. This effect was used to record the g = 4.35
signal at a higher signal-to-noise ratio and on a flat
baseline (Figure 1, Inset), allowing signal integra-
tion and hence quantitation of the non-haem
rhombic Fe(IIl) centres.

Free radical region of the EPR spectrum -
decomposition into two individual signals

The EPR spectrum (- 196°C) of the free radicals
which appear on addition of HO, to metHb is
shown in more detail in Figure 2, A. The observed
signal is seen to consist of at least two distinct
radical species. This is supported by the fact that
the intensity of the low field (g = 2.03) signal,
relative to the main (g = 2.0051) signal, depended

on the absolute concentrations of metHb and HO;
and on the time of the reaction (Figure 2, B). The
different proportions of the two EPR signals in
spectra A and B were used to separate them -
spectrum A was multiplied by a coefficient (0.55),
chosen so that when spectrum B was subtracted
from this product, the signal with apeak atg=2.03
disappeared in the differential spectrum C. Spec-
trum C is a nearly isotropic singlet, with g =2.0041
and a line width of 20 G (Figure 2, C and D). We
assign this singlet to a protein radical (P°).

The g = 2.03 signal is reminiscent of the gj
component of peroxyl radicals. These radicals are
well documented for such systems.*”'*” In order
to test this conjecture and to obtain a pure line
shape of the signal with this low field component,
signal D was combined in different proportions,
by varying a multiplying factor k, with spectrum
E (Figure 2, F). With an appropriately chosen
value of k (k=-0.3+0.1) a line shape is obtained
(spectrum 1, Figure 2, F) which we identified as
that of peroxyl radicals ROO" on the basis of its
g-factors (gu=2.035 and g =2.0053) and also from
the ratio of its component intensities (a/b: =
0.223)‘19,20,23.29

In Figure 2, F, we show five spectra con-
structed by varying the value of k. These spectra
are, therefore, mixtures comprising a constant
peroxyl radical ROO" contribution with varying
contributions of the radical P°. These mixtures of
known composition of ROO® and P* radical sig-
nals can be used to construct a calibration curve
(Figure 3) relating the composition to the relative
amplitude parameter a/b, where a4 and b are de-
fined in Figure 2, F. This was achieved by express-
ing the contribution of each signal as a percentage
of the total, e.g. % peroxyl = 100 % x Iroo/It,
where Iroo is the second integral of the peroxyl
component (constant here) and Ir is the second
integral of the total spectrum. The percentage of
the peroxyl radical signal was approximated by
a polynomial function, thus allowing the share of
each signal to be calculated analytically from the
measured parameter a/b (Figure 3). However to
calculate the relative concentrations of the two
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g = 2.0051
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C=055A-B A\

FIGURE2 Analysis of the free radical region of the EPR spectrum obtained after addition of H20 to metHb. A — metHb (200 uM) +
H202 (2 mM) frozen 1.1 min. after initiation of the reaction; B — metHb (100 uM) + H202 (1 mM) frozen 8 min. after initiation of the
reaction; C =0.55 x A — B; D - spectrum C enlarged by a factor of 3.9; E - spectrum B enlarged by a factor of 2; F — five sums of spectra
Eand D, E + k x D, where kvaries: k =—0.3 (spectrum 1), k =0 (2), k =0.3 (3), k=0.6 (4), k=0.9 (5); every sum spectrum is characterised
by two parameters: 4 and b. Experimental conditions: v = 9.216 GHz; Pmw = 30 mW; Hy = 3230 G, AH=200G; ST=655;1=0.128;
M=3.2G; GN=5x10° (A) and GN = 10 (B); NS = 2, T=-196°C.
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FIGURE 3 The relationship between the relative amplitude pa-
rameter a/b and the percentage share of the ROO" and P" radical
signals in the second integral of the EPR spectrum. Continuous
lines are polynomial approximations:

froo(a/b) == 10.18 + 1073(a/b) — 4467 (a/b)* + 8388 (a/b)®,
frla/b) = 100% ~ froolarb).

kinds of paramagnetic species on the basis of an
experimental EPR spectrum, we have to know not
only the relative values of the second integrals,
but also the saturation curves for both signals,
thus ensuring that saturation does not effect the
estimate.

Saturation characteristics of the ROO® and P*
radicals

The saturation characteristics of the EPR lines at g
=2.035 and g =2.00 are different. Figure 4 shows
three saturation curves obtained from a sample
made by mixing 100 uM metHb with 100 uM H,O..
The second integral of the total spectrum Ir and
the parameters a and b (defined in Figure 2, F)
were measured at different microwave powers.
These three curves are depicted after normalisa-
tion to equal initial slope. The fact that a/b changes
with increasing microwave power (Figure 4, Inset)
confirms that there is more than one free radical
species within the sample.

Every point on the saturation curve Ir (Figure
4)is characterised by a specific value of the param-
eter a/b. Thus, for every point, the shares of second
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FIGURE4 The dependencies of the free radical EPR signals on
square root of microwave power (saturation curves): I7 — total
spectrum second integral; 2 — height of the g = 2.035 band; b -
amplitude of the central feature at g = 2.00 (z and b are defined
as shown in Figure 2). The three curves are normalised to an equal
initial slope. Inset — the increase of the a/b parameter with increas-
ing microwave power. The sample for EPR measurements was
frozen 45 s after addition of H202 {100 uM) to metHb (100 uM).
Experimental conditions: v =9.216 GHz; Ho = 3269 G; AH = 200
G;ST=655 1=01285M=4G; GN =125x10* (0-1 mW), GN
=6.3% 10’ (1-50 mW) and GN = 3.2 x 10° (50170 mW); NS = 4;
T=-196°C,

integral attributed to ROO" and P* signals can be
determined using the calibration graph (Figure 3).
Curve I; (Figure 4) was therefore decomposed
into the true saturation curves of ROO" and P*
EPR signals (Figure 5). For comparison the initial
slopes have been normalised. The saturation co-
efficients were calculated for the ROO" and P*
signals at 30 mW, the microwave power used for
all measurements. At this microwave power good
signal-to-noise ratios were achieved, allowing
easy measurement of the parameter a/b. For quan-
titation of the ROO" and P° radicals in concentra-
tion units, the relative proportion of the second
integrals under non-saturating conditions was
required. This was achieved as described in
Appendix B.
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FIGURE 5 Saturation curves for ROO® and P* EPR signals,
obtained with the use of the calibration graph (Figure 3) from the
data on saturation of total free radical spectrum It measured by
double integration and from the dependencies of a and b on
microwave power (Figure 4). The straight line corresponds to an
extrapolation of the linear part of the dependencies at low micro-
wave power shown in more detail in the Inset. The saturation
coefficients for the ROO® and P signals when a spectrum is
measured at 30 mW (5.48 rnWVZ) are: Sroo = 5.53/3.03 = 1.825
and Sp = 5.53/2.49 = 2.221. Experimental conditions as stated in
Figure 4.

Kinetics of the ROO" and P’ radicals

Figure 6 shows the kinetic behaviour of peroxyl,
ROO’, and non-peroxyl, P, radicals. At either 1:3
or 1:10 molar ratios (metHb:H,O,) the progress
curves for both radicals are the same. It can be
calculated from Figure 6 that the peroxyl radicals
constitute 19% of the total radical concentration
when the Hb:H;O; ratio is 1:3 and 13% when the
ratio is 1:10 (with [metHb] = 100 uM).

The time courses for both radicals show that
there is an apparent steady state during which
the radical concentration remains constant. This
steady state is shorter at lower H;O, concentra-
tion. On exhaustion of H,O; both radicals begin
to decay (Figure 6, at 1:3 molar ratios of
Hb:H;O,), suggesting that the apparent steady
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[ » e 13
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FIGURE6 The time dependencies of the P* and ROO" radicals
measured for 1:3and 1:10 initial molar ratios of metHb:H202. The
initial concentration of metHb was 100 pM. The reaction was
conducted at 37°C, and the EPR measurements were performed
at —196°C after fast freezing of the samples in liquid nitrogen.
Each data point is the average of two EPR measurements of the
duplicated samples.

state represents a balance between radical pro-
duction and decay. We have shown that this
behaviour only occurs when catalase free haemo-
globin samples are used.”* A single exponential
approximation for the decay of both P* and ROO®
radicals after the steady state had ended (see
Figure 6 for the 1:3 condition) gave the rate
constant 1.42 x 10~ s™. At a fixed protein con-
centration the rate constant for this decay process
was independent of the initial HO, concentra-
tion in the range of peroxide excess 1:1-1:3 (at
higher initial excess of H,O, the rate constant for
the decay of the radicals decreased, approxi-
mately 2 fold at the 1:10 ratio). It is believed that
this decay, which occurs in the absence of H.O,,
is an autoreduction process involving modifica-
tion of amino acids and hence the haemprotein.’
The rate constant of the radical decay did not
change significantly (1.46 x 10~ s) when the
metHDb concentration was increased two-fold, in-
dicating that the decay is a first order reaction
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with respect to metHb, ie. the autoreduction
occurs via an intramolecular process. Haem-
protein cross linking, which is seen with myo-
globin,” or formation of substrate-haemoglobin
cross links,”' could be result of autoreduction
reactions.

The synchronous time courses for P* and ROO*
indicate that the latter is not derived from the
former. There are at least two possible ways to
explain the formation of the radicals:

a) On addition of H,O; two different radicals R’
and P’ are produced. One of these reacts with
oxygen yielding ROO" and the other (P°) does
not.

b) A common radical precursor (R) is produced
which gives rise to both ROO® and P°*. A mech-
anism by which this may occur, would involve
a competition between oxygen addition giving
rise to ROO" and a transformation of R” giving
rise to the oxygen insensitive radical P*.

The approach to the steady state is rapid
(within 15 s, Figure 6) and much faster than the
autoreduction rate. Thus in order to sustain a
steady state at a low concentration of radicals, as
seen experimentally, we must conclude that, dur-
ing the steady state period, there exists an H.O-
concentration dependent process which depletes
radicals. This process must be much faster, at least
in an excess of H,O; over metHb, than the first
order H;O, independent autoreduction process.
An increase in H;O; will therefore increase both
the rates of formation and the rate of decay of the
radicals. Hence the balance between these
opposing rates will determine the level of free
radicals seen. This conclusion is strongly sup-
ported by the unexpected result that the steady
state concentration of radicals decrease with in-
creasing initial H;O, concentration (Figure 6).
Both the H;O: concentration dependent rates of
production and decay of the radicals are such that
the decay process is favoured at high H>O, con-
centration leading to lower radical concentration,
yet longer steady state during which H,O, is con-
sumed. Atlow H;O, concentration the decay pro-

cessis less favoured and allows a greater build-up
of radicals but can sustain only a short steady
state.

A mechanism in which metHb is continuously
regenerated through a cycle of transformations, is
currently being studied with the use of computer
simulation and will be reported elsewhere.

Room temperature EPR measurements

The steady state concentration of radicals was also
observed by monitoring the reaction continuously
by EPR spectroscopy at room temperature (Figure
7). The EPR signal acquired from the liquid phase
sample (Figure 7, Inset) is in agreement with that
reported earlier.**'* However, here, for the first
time this signal is measured at its steady state
concentration, and not using a continuous flow or
fast scan technique. In spite of using a relatively
low modulation amplitude (2 G) and a low time
constant (0.128 s), which is appropriate to resolve
~2 G hyperfine structure at the scan rate of
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Free radical concentration, rel. units

0 10 20 30 40 50 60 70
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FIGURE 7 Time courses for free radicals produced in the reac-
tion of metHb (205 uM) with H>Oz (1:10 initial excess), as mea-
sured by room temperature EPR spectroscopy. Each data point
corresponds to a four scan EPR spectrum measured in consecu-
tive order. X axis error bars correspond to the time of acquisition,
Y axis error bars are defined by the noise level in the spectra. Open
and closed symbols are two similar series. Inset — the sum of the
five EPR spectra of the ‘closed’ series in the steady state part of
the time course, i.e. a 20 scan spectrum accumulated during initial
36 min of the reaction. The g-factor and peak-to-trough width of
the free radical EPR signal are indicated. Experimental conditions:
v =9.454 GHz; PMw = 130 mW,; Ho = 3354.3 G; AH =100 G; ST
=655; 1=0.1285; M=2G; v =100 kHz; GN=10% NS =4; room
temperature.
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100 G/ 65 s =1.54 G/s, no hyperfine structure was
detected. In contrast to metMb which yields a
radical with a resolved hyperfine structure in the
liquid phase EPR spectrum,""** metHb does not
exhibit such a resolved spectrum under similar
conditions. The reason for this may be in the fact
that Hb molecule is approximately 4 times bigger
than that of Mb and hence tumbles more slowly.
Alternatively, the free radical sites in the o- and
B-subunits of Hb may have slightly different EPR
spectra which overlap blurring the hyperfine
structure.
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APPENDIX

A. Derivation of formula [1] - the relationship
between relative concentration of the high
spin form of metHb and the parameter

Agi/Ag2as

The high spin metHb EPR signal has not been
isolated from the low spin one. Instead, double
integrals of the EPR spectra of two different
metHb samples, which contained low and high
spin forms in different proportions, have been
accurately measured.

Two samples, 0.5 mM and 1.2 mM metHb,
were frozen in liquid nitrogen. For each sample
four identical EPR spectra were measured (scan
width and integration range 4000 G). Baseline (the
EPR spectrum of a blank sample) was measured
at the same conditions four times as well (see
Methods). So, 4 x 4 = 16 differential spectra for
integration were obtained for each sample. After
averaging, the mean values and their standard

deviations were calculated for second integrals I
of the EPR spectra of each sample:

I 2 a = 1658 £ 58 (relative units of double integral)
Io.s mm = 662 £ 46 (relative units of double integral)

The signal amplitudes of g = 6 and g = 2.25 were
measured for both samples as shown in Figure 1,
C. After averaging over 16 spectra the mean
values were calculated:

Ag =612mM = 2343
Ag-s05mm =909

Ag-22512mm = 186
Ag-22505mm = 110

(in relative units of signal amplitude).

The values I mu and Ins wm are the sums of
second integrals of high and low spin metHb EPR
signals. Let H be the second integral of pure line
shape of the high spin signal when Ag.s=1, and
let L be the second integral of pure line shape of
the low spin signal when Ag.225=1.

Then,

Lowm=Ags 120m X H+ Agoos 12mm X L
Io5mm = Ages;05mm X H+ Agozs.05mm X L

or,

1658 =2343 H+ 186 L
662= 909 H+110L

From this system of equations H and L were
found: H=0.6682; L =0.4966 (and thus H/L=1.35).
These values were used to derive a formula which
could be used in determination of the partial con-
centration of the high spin form of metHb by
measuring the parameter Ag - ¢/Ag - 225, without
double integration of pure line shapes of the high
and low spin EPR signals separately:

[High spin metHb] _ A H y
[Total metHb] - (Age¢ H+ Aga25 L)

(U/Ag225) __ (AgefAg2rs) H
(1/Ag=2425) (Ag=6/ Ag:zzs) H+L

(Ag=6/Ag=2.25) (H/L) — 1.35 (A9=6/ A9=2-25)
(Age/Ag22s) (H/L) +1  1.35 (Age/Ag-22s) + 1

where A - — the amplitude of the high sping =6
signal and Ag - 225 — that of the signal of the low
spin form g =2.25 (Figure 1, C).
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B. Derivation of algorithm for practical
determination of the concentration of ROO’
and P’ radicals

Quantitation of free radicals was made by measur-
ing the a/b parameter (see Figure 2). Such measure-
ments were made at microwave power levels of
30 mW, which gave good signal-to-noise ratios.
However, under these conditions the radical sig-
nals were saturated to differing degrees. There
was no saturation for either radical upto 0.5 mW,
but at this power the signal-to-noise ratio was
poor, thus not allowing accurate measurement of
the parameter a/b. By use of the saturation coeffi-
cients for the two different radicals (Figure 5), the
second integrals of each component, determined
at 30 mW, were converted to the expected corre-
sponding values at 0.5 mW. This was then related
to the second integral of the experimental spec-
trum measured at 0.5 mW. The procedure used is
outlined below.

a) A spectrum of the reaction mixture was mea-
sured at 0.5 mW. No saturation occurs at this
power, and hence the second integral gives the
total amount of free radicals in the sample. This
is the sum of the second integrals:

Ir. 05 mw = Iroo, 0.5 mw 3+ Ip; 05 mw

b) The spectrum of the same sample was taken at
30 mW (when the radical signals saturate to
differing degrees), and the parameter a/b was
determined. From this the percentage share of

the second integral, attributable to ROO" (@)
and P* (B), was calculated using the empirical
formula from Figure 3 legend:

a=f(ab)
B =100% - f(a/b).

¢) The second integrals of signals ROO" and P" at
30 mW can also be derived from Iroo; 05 mw and
Ip.oswwusing the saturation coefficients Sroo and
Se (Figure 3):

Ir00: 30 mw = Iroo; 0.5 mw (30/0.5)"/Sro0 =
7.746 Iroo, 0.5 mwl 1.825 = 4.244 Iroo; 0.5mw
Ip s0mw= IP; 0.5mwW (30/05)1/2/81’ =

7746 IP; 0‘5111W/2.221 = 3488 Ip; 0.5 mW

d) Two equations can now be formulated:

4.244IROO; 0.5mW — o
4,244 IROO; 05mw+ 348817’ osmw  100%
3448IP 0.5 mW B

4.244 Troo, 05w+ 348800, 05w 100%

These two equations are not independent (a. + B =
100%). So, either of them together with the equa-
tion Ir.osmw=Iroo05mw+ Ir.0smw (Ir05.wis a directly
measured value) form a system of two equations
with two unknowns, which can be solved.

Thus, Iroo0smw and Ir.os.w were calculated and
converted into concentration terms by compari-
son with the second integral of metHb (100 uM)
measured at 30 mW and interpolated to the micro-
wave power of 0.5 mW according to a non-
saturating dependence.
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