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The reaction of metmyoglobin with equimolar concentrations of hydrogen peroxide has been studied using
both electron spin resonance (e.s.r.) and optical spectroscopy. Using the former technique a strong
anisotropic e.s.r. signal is observed, in the presence of the spin trap DMPO, which decays relatively rapidly.
This previously unobserved signal, which is also observed on reaction of metmyoglobin with a number of
other powerful oxidants (peracetic acid, 3-chloroperoxybenzoic acid, monoperoxyphthalic acid, iodosyl
benzene, 'BuOOH and cumene hydroperoxide) is assigned to a slowly-tumbling, metmyoglobin-derived,
spin adduct. The parameters of this signal (ay .45, a, 0.83mT) are consistent with the trapped radical
having a heteroatom centre; this is believed to be oxygen. The concentration of this species is not affected
by compounds such as 2-deoxyribose, mannitol and phenylalanine which are all efficient hydroxyl radical
scavengers, demonstrating that the formation of this radical is not due to reaction of “*free” HO- generated
by breakdown of H,0, by released iron ions. The concentration of this species is however decreased by
desferal, ascorbate, Trolox C, salicylate and, to a lesser extent, linoleic acid; with the first three of these
compounds further substrate-derived radicals are also observed. Examination of similar reaction systems
(though in the absence of DMPO) by optical spectroscopy shows that the myoglobin (IV) species is formed
and that this species behaves in a somewhat different manner with these added compounds. These results
suggest that the radical trapped in the e.s.r. experiments is a myoglobin-derived species, probably a tyrosine
peroxyl radical, arising from oxidative damage to the globin moiety.

The diminution of both the e.s.r. signal of the spin adduct and the optical absorption of the myoglobin
(IV) species in the presence of linoleic acid suggests that these myoglobin-derived species can initiate
oxidative damage but that this process can be ameliorated by the presence of a number of water-soluble
compounds such as ascorbate, Trolox C, desferal and salicylate.

KEY WORDS: Electron spin resonance, radicals, hydrogen peroxide, hydroperoxides, myoglobin, spin
trapping.

INTRODUCTION

Considerable evidence has been obtained to suggest that the damage observed in cells
and organs after increased generation of O; * (and hence H,0,) is due to the produc-
tion of HO* from H,0, in a transition-metal catalysed reaction.' Similar metal-ion
catalysed processes are believed to be responsible for the production of ROO-, RO
and R radicals from a variety of alkyl hydroperoxides and related compounds.? The
transition-metal catalysts responsible for this radical production have not been defini-
tively identified, though attention has focussed on the possible role of endogenous

. -

Correspondence: to the author at the above address. Tel: (0904) 432535.
361
RIGHTS

i,



Free Radic Res Downloaded from informahealthcare.com by University of 1llinois Chicago on 11/06/11
For personal use only

362 M.J. DAVIES

iron chelates such as iron-storage molecules and haem-proteins.® Studies on the
reactions of hydrogen peroxide with haemoglobin and myoglobin have concluded
that neither of these haem-proteins directly give rise to HO- “‘in free solution™,;
instead they react to give short-lived, high oxidation state (ferryl) species which have
one oxidising equivalent in the haem group and one in the surrounding protein.*’
Subsequent reactions result in damage to the haem moiety and release of iron ions
which can react with excess H, O, to give “free” HO-.**' Similar processes, and high
oxidation state intermediates, have been observed with some alkyl hydroperoxides,*
though there is evidence that “free” peroxyl radicals can be produced by reactions at
the intact haem centre.™'! These radicals are believed to arise from reaction of the
ferryl haem species (which have some similar characteristics to Compounds I and 1
of peroxidases'’) with excess peroxide (e.g. reaction 1); a similar process may occur
with H,0, (reaction 2) though the rate of reaction and/or rapid dismutation of the
O, " generated, may make this process difficult to detect. Similar reactions have been
directly observed in model systems.'>'*

Por-Fe(IV)-OH + '‘BuOOH — Por-Fe(Ill) + H,O + 'BuOO- )
Por-Fe(IV)-OH + H,0, — Por-Fe(Ill) + H,O + H* + O;5° )

In view of the possible role of myoglobin as a catalyst of radical generation in
cardiac reperfusion injury where peroxides are known to be generated'* it is important
to know what intermediates are formed at low oxidant:haem ratios (i.e. when the
peroxide is not in great excess), whether the ferryl haem species and/or the globin
radical are capable of initiating damage and how the formation of such species gives
rise to iron release, and whether processes such as reactions (1) and (2) occur. A study
has therefore been carried out, using both e.s.r. and optical spectroscopy, to deter-
mine what intermediates are formed on reaction of metmyoglobin (MetMb) with low
concentrations of H,0, and other peroxidic compounds.

EXPERIMENTAL

E.s.r. spectra of samples contained in a standard aqueous cell were recorded at room
temperature (21°C) 70s after mixing, with a Bruker ESP 300 spectrometer equipped
with 100kHz modulation and a Bruker ERO35M gaussmeter for field calibration.
Hyperfine coupling constants were measured directly from the field scan. g values
were calculated by comparison with spectra from a standard solution of di-t-butyl
nitroxide. Where necessary, spectra were scanned repeatedly at fixed time intervals to
obtain data on the stability of the radical adducts. Signal intensities were determined
by measurement of peak-to-peak line heights for the relevant adducts on spectra
recorded with the use of identical spectrometer settings, and are the means of at least
3 measurements. U.v./visible spectra were recorded at 21°C on either a Pye Unicam
554 spectrophotometer or a Shimadzu UV260 spectrometer using 1 mm path-length
cells.

All the chemicals used were commercial samples of the highest available purity and
used as supplied with the excepton of DMPO, which was purified before use as
described previously,'® iodosylbenzene, which was prepared by a standard procedure'’
and peracetic acid, which was treated with catalase to remove H,0,."* All solutions
were prepared in air-saturated, deionised water, unless stated otherwise.
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RESULTS
E.s.r. Spectroscopy

Reaction of MetMb (300 uM) with H, O, (300 uM) in the presence of 33 mM-DMPO
in air-saturated, 33 mM-phosphate buffer, pH 7.4, resulted in the observation, im-
mediately after mixing, of an intense e.s.r. signal (Figure 1). The concentration of this
species (as measured by peak-to-peak line heights) decreased rapidly with time, being
reduced to about 10% of its initial intensity within 10 min. (Figure 1). The observed
signal, which consists of a triplet of doublets with hyperfine coupling constants ay
1.45, a;, 0.83 mT, is highly anisotropic with considerable broadening of the high field
lines; this is consistent with the trapping, by DMPO, of a very large radical, resulting
in the formation of a slowly-tumbling nitroxide radical adduct. Omission of any of
the components of the reaction mixture resulted in the loss of this signal.

Increasing the concentration of hydrogen peroxide used had a dramatic effect on
the observed species; when 1.5mM-H,0, was employed (i.e. an oxidant:haem ratio
of 5:1) the intensity of the signal decreased by approximately 50%. Further decreases
in signal intensity were observed as the oxidant:haem ratio was increased in stages to
50:1. At ratios greater than 50:1 (i.e. > 15mM-H,0,) the signal was very weak and
difficult to observe. No additional species were observed.

Addition of various organic compounds to a standard 300 uM-MetMb, 300 uM-
H,0, system in the presence of 33 mM-DMPO produced marked changes in the
observed spectra in some cases. Inclusion of 2-deoxyribose (6.6 mM), phenylalanine
(10 mM) mannitol (20 mM) had no significant effect on the intensity of the signal from
the slowly-tumbling adduct, and no other additional signals were observed. In con-
trast, inclusion of salicylate (5 mM) or linoleic acid (150 uM) reduced the intensity of
the signal from the slowly-tumbling adduct to about 15% and 90% of control values
respectively; no other additional species were observed. With Trolox C (3 mM) the
signal from the slowly-tumbling adduct was not observed, though weak signals
(assigned on the basis of the hyperfine coupling constants and comparison with
previously reported values'’) from the Trolox C phenoxyl radical were detected
(Figure 1). Similar behaviour (i.e. partial or complete loss of the DMPO adduct, and
the observation of additional radical species) occurred with ascorbic acid and desferal:
with 100 uM ascorbic acid the intensity of the DMPO adduct was reduced to 45% of
control values and no signals from the ascorbyl radical were observed (though low
concentrations of this species would not be observed as the lines from this species
occur at the same field position as one of the lines from the DMPO adduct), at higher
concentrations (I mM) the DMPO adduct was not observed and strong signals from
the ascorbyl radical were. With desferal (75 uM) weak signals from both the DMPO
adduct and the desferal nitroxide radical (with hyperfine coupling constants as
previously reported®) were detected; at higher concentrations of desferal (150 and
300 uM) only strong signals from the desferal nitroxide radical were detected (Figure
1). Ferrioxamine at identical concentrations did not give these effects.

Substitution of a number of other powerful oxidants in place of H,O, in the absence
of these additional scavengers and chelators, also gave rise to this DMPO adduct
signal. Thus inclusion of peracetic acid (300 uM), 3-chloroperoxybenzoic acid
(300 uM), magnesium monoperoxyphthalic acid (300 uM), iodosyl benzene (as a
saturated aqueous solution), '‘BuOOH (300uM), or cumene hydroperoxide
(PhC(CH;), O0H, 300 4M) all gave this species, with the intensity of the signal being
dependent on the oxidant used in the order peracetic acid > iodosyl benzene >
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FIGURE 1 E.s.r. spectra observed on reaction of metmyoglobin with H,0, in the presence of DMPO.
Metmyoglobin (300 uM) was incubated with H, O, (300 uM) in presence of 33 mM-DMPQ in 33 mM-phos-
phate buffer, pH 7.4. Spectra were recorded 70 s after mixing with the exception of (b) which was recorded
7 mins. after mixing. (@) and (b) complete system. (c) As (a) except that 300 uM-desferal was added, signal
assigned to the desferal nitroxide radical. (d) As (a) except that 3 mM-Trolox C was added. (¢) As () except
gain was x 4. Signals in (d) and (¢) assigned to the Trolox C phenoxyl radical.

magnesium monoperoxyphthalic acid > 3-chloroperoxybenzoic acid > 'BuOOH >
cumene hydroperoxide. No additional signals were observed with any of these oxi-
dants at these concentrations; at higher concentrations of the last two oxidants
additional signals assigned to the corresponding peroxyl radical adduct to the spin
trap were observed as described previously.’

In order to characterize this novel spin adduct further, additional studies on similar
reaction mixtures were carried out using optical spectroscopy.
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Optical Spectroscopy

Reaction of MetMb (300 uM final concentration) with H,O, (300 uM, final con-
centration) in 33 mM-phosphate buffer, pH 7.4, led to the observation, by visible
spectroscopy, of the myoglobin (IV) spectrum as described previously.?' The forma-
tion of this species was essentially complete within the first 5min. and was stable for
a considerable period of time. Analysis of the spectra using the Whitburn equations?
showed that the major species present was myoglobin (IV). No significant loss of
haem could be detected during the first 20 minutes, though the ratio of myoglobin
(IV) to MetMb decreased slowly (Figure 2).

Qualitatively similar results were obtained on replacement of H,O, with other
powerful oxidants (peracetic acid, 3-chloroperoxybenzoic acid, magnesium
monoperoxyphthalic acid, iodosyl benzene, t-butylhydroperoxide, cumene hyd-
roperoxide) when the MetMb:oxidant ratio was 1:1. In each of these cases the
formation of the myoglobin (IV) species was observed though in some cases, par-
ticularly with the more sterically bulky oxidants (3-chloroperoxybenzoic acid and
magnesium monoperoxyphthalic acid), the rate and extent of formation of the myog-
lobin (IV) species was considerably reduced; in such cases MetMb accounted for the
rest of the species present at short times after mixing. At longer times (> 15 minutes)
significant haem loss was observed.

Addition of various organic compounds to a standard MetMb/H,0, reaction
system (both 300 uM final concentration) in 33 mM-phosphate bufer, pH 7.4, led to
significant changes in the observed visible spectra in some cases. 2-Deoxyribose
(6.6 mM), phenylalanine (10mM) and mannitol (20mM, all final concentrations),
which are all efficient HO- scavengers, had no significant effect on either the extent
of myoglobin (IV) formation or its lifetime; this is in agreement with previous
observations.’ Inclusion of desferal (300 uM), salicylate (5 mM), Trolox C (3 mM) or
the spin trap DMPO (33 mM, all final concentrations) all led to an increased rate of
decay of the myoglobin (IV) species back to MetMb (Fig. 2), with the efficiency of
these compounds in inducing this change being desferal > Trolox C > salicylate >
DMPO. Similar observations with desferal and ascorbate have been previously
described.” No additional species which absorb in the region of the spectrum inves-
tigated (700-450nm) were detected, which is in contrast to previously reported
experiments with salicylate where much larger ratios of oxidant:haem were em-
ployed,” and no significant loss of haem was observed. None of the compounds
studied had any effect on the absorption spectrum of MetMb in the absence of
hydrogen peroxide.

DISCUSSION

Reaction of metmyoglobin with equimolar concentrations of H,0, gives the myog-
lobin (IV) species which can be detected by its characteristic optical spectrum as
described previously.” This intermediate is stable for a considerable period of time in
the absence of other reagents. No reaction was observed between this species and
2-deoxyribose, phenylalanine and mannitol which are all potent hydroxyl radical
scavengers. This confirms previous reports which have demonstrated that degrada-
tion of these substrates only occurs when iron is released from the tetrapyrrolic ligand
and becomes available for reaction with excess H,O, by the Haber-Weiss or Fenton

reactions.**'® Other reagents however, do appear to react with the myoglobin (IV)
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species; the presence of Trolox C, salicylate, desferal and, to a much lesser extent,
DMPO, all lead to a significant reduction in the lifetime of the high oxidation-state
species and the reappearance of MetMb. This type of process has been previously
observed with desferal and ascorbate (though in the latter case myoglobin (II) is
observed instead of MetMb?),

E.s.r. studies on identical reaction systems (though in the presence of DMPO) gave
a strong, anisotropic, signal consisting of a triplet of doublets. Such a pattern of lines
is consistent with the observed signal being due to the addition of a large radical to
the spin trap DMPO to give a slowly-tumbling, nitroxide radical; the identification of
this species as an adduct is confirmed by the loss of this signal on omission of DMPO
from the reaction mixture. The hyperfine coupling constants of this species are
difficult to determine accurately due to the anisotropic nature of the signal, but are
approximately ay 1.45, a,; 0.83 mT from measurements on the low field lines. These
values, particularly the low a, value, are what would be expected from the spin
trapping, by DMPO, of a heteroatom-centred radical (c.f. previously reported values
of ay 1.448, a,; 1.088, ay 0.130mT for the trapping of '‘BuOO- radicals and ay 1.43,
ay 1.17, a,, 0.125mT for the trapping of O; - radicals™*).

Mason and co-workers have recently reported the spin trapping, by DMPO and
PBN, of a haemoglobin-derived species, formed on reaction of haemoglobin with
both a variety of hydrazine drugs and certain hydroperoxides.” This species, which
has been assigned to a haemoglobin-derived thiyl-radical adduct to DMPO as a result
of experiments carried out with reagents which react with free sulphydryl groups, is
somewhat similar to the species observed in these experiments though the hyperfine
coupling constants reported in these previous studies are somewhat larger. Despite the
similarities between these two systems, the signal observed in these experiments
cannot be due to the trapping of a myoglobin thiyl radical as horse heart myoglobin
contains no cysteine residues and hence no free -SH groups.? Trapping of a nitrogen-
centered radical (e.g. from oxidation of N-H groups) is thought to be unlikely as such
species would be expected to give an adduct with a further triplet splitting due to the
nitrogen nucleus which has a nuclear spin of 1.7 Exclusion of these two possibilities
leaves oxygen as the prime candidate for the heteroatom centre; this oxygen-centred
species, if it is such, could be a substrate-derived species, a radical from the haem
centre or a radical arising from the globin.

The first of these possibilities is excluded by the observation of the same anisotropic
signal (albeit at different intensities) with a number of other peroxide compounds as
well as H,O,. This suggests that the observed species is a MetMb-derived species and
not, for example, an adduct arising from the peroxide component which is im-
mobilised in some way by the protein. The fact that this signal is observed with all the
compounds which have been shown by visible spectroscopy, to generate the myog-
lobin (IV) species suggests that the trapped radical is arising via a common mechan-
ism which is somehow linked to the production of this high oxidation state iron-oxo
species. The lack of peroxide-derived radicals in the e.s.r experiments suggests that the
initial reaction between the MetMb and these peroxidic compounds is a two-electron
process (which would be in agreement with the known chemistry of compounds such
as peracetic acid and iodosyl benzene) rather than a one-electron process (as the latter
would give rise to other radical species), with both the oxidising equivalents being
present, at least initially, in the vicinity of, or at, the haem centre. Thus the observed
adduct is thought to be due to the trapping of a radical arising from either of these
two oxidising equivalents.
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The results obtained in the presence of the added substrates demonstrate that the
radical adduct observed in the e.s.r. experiments is not due to the trapping of the iron
(IV)-oxo species itself as the effects of these compounds on the e.s.r. and optical
spectra are markedly different in some cases. Thus the inclusion of desferal, Trolox
C, or salicylate has a much more marked effect on the intensity of the e.s.r. spin adduct
signal than on the optical absorpton of the myoglobin (IV) species suggesting that the
species which reacts with the spin trap to give the observed adduct is much more
readily scavenged than the iron (IV)-oxo centre itself; this may be due more to the
accessibility of these reactive species to the added substrates than their absolute
reactivities. The observation that 2-deoxyribose, mannitol and phenylalanine, which
are all efficient HO- scavengers, have no effect on either the optical or e.s.r. signals
suggests that the species observed in the e.s.r. experiments is not arising from the
reaction of radicals (such as HO-) which might be generated in free solution by, for
example, reaction of H,0O, with iron released from the haem ligand.

Trapping of a protein-derived radical, though possible, would necessitate a multi-
step process. Oxidation of the globin would be expected to occur at an electron-rich
site with the formation of a relatively stable, delocalised radical (c.f. radiation studies
which have shown that tryptophan, tyrosine, histidine, phenylalanine, methionine
and cysteine residues are most susceptible to oxidation and that such structures act
as radical “sinks”?). There is evidence that this is indeed the case with myoglobin,
where signals assigned to a tyrosyl radical on the globin surface have been detect-
ed;®¥ this species has been suggested to arise as a result of intramolecular electron-
transfer from the tyrosine residue to either an oxidised phenylalanine or histidine
residue in the vicinity of the haem, or a porphyrin radical-cation species. Similar
tyrosine-derived radicals have been observed in ribonucleotide reductase,” photosys-
tem I1,” and prostaglandin H synthase.™ It is unlikely that the e.s.r. spin adduct
observed in this case is due to the trapping of such a tyrosine phenoxyl radical as such
delocalised species do not react rapidly with DMPO.

Recent studies have however suggested*** that this tyrosine radical, once formed,
can react with molecular oxygen to give a tyrosine peroxyl radical (which is believed
to be responsible for some of the epoxidation of alkenes catalysed by haemoglobin
and myoglobin in the presence of peroxides*), and it is postulated that it is this species
which is being trapped by DMPO,; the lifetime of the adduct, its hyperfine coupling
constants and the effect of scavengers on the concentration of this species are all
consistent with this assignment.

These myoglobin-derived species appear on the above evidence, to be, as expected,
moderately powerful oxidants which are capable of oxidising ascorbic acid, desferal,
salicylate, Trolox C and to a lesser extent linoleic acid. The mechanism of these
processes (hydrogen-abstraction or electron-transfer) remain to be determined, but it
would appear on this evidence that these species are capable of depleting natural and
synthetic antioxidants, oxidising the iron-chelator desferal, and initiating lipid peroxi-
dation through reaction with polyunsaturated fatty acids. These observations provide
further evidence for a possible role of myoglobin in the initiation and propogation of
damage in post-ischaemic reperfusion injury in the heart.®?** The reaction of both
the myoglobin (IV) species and the tyrosine peroxyl radical with linoleic acid (ob-
served by optical spectroscopy and the loss of the DMPO adduct by e.s.r. spectro-
scopy respectively) presumably results in the production of fatty acid radicals and the
initiation of lipid peroxidation; this may be of considerable significance as it has been
shown that the presence of membranes inhibits the H, O, stimulated release of iron
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from MetMb,” suggesting that although iron release from myoglobin can be a
significant factor in the generation of radical damage in vitro, it may be much less
significant in vivo. The above processes provide a mechanism by which damage can
be initiated without the involvement of “‘free” iron ions. The rapid scavenging of the
myoglobin-derived species by water-soluble antioxidants (such as ascorbate, salicy-
late and Trolox C) and the iron-chelator desferal may play a significant role in
reducing lipid peroxidation both directly, by competition with fatty acids for the
myoglobin-derived species, and indirectly by preventing haem degradation and subse-
quent iron release.
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