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The addition of 25xM hydrogen peroxide to 20uM metmyoglobin produces ferryl (Fe!V =0) myoglobin.
Optical spectroscopy shows that the ferryl species reaches a maximum concentration (60-70% of total
haem) after 10 minutes and decays slowly (hours). Low temperature EPR spectroscopy of the high spin
metmyoglobin (g = 6) signal is consistent with these findings. At this low peroxide concentration there
is no evidence for iron release from the haem. At least two free radicals are detectable by EPR immediately
after H,0, addition, but decay completely after ten minutes. However, a longer-lived radical is observed
at lower concentrations that is still present after 90 minutes. The monohydroxamate N-methylbutyro-
hydroxamic acid (NMBH) increases the rate of decay of the fenyl species. In the presence of NMBH, none
of the protein-bound free radicals are detectable; instead nitroxide radicals produced by oxidation of the
hydroxamate group are observed. Similar results are observed with the trihydroxamate, desferrioxamine.
“Ferryl myoglobin” is still able to initiate lipid peroxidation even after the short-lived protein free radicals
are no longer detectable (E.S.R. Newman, C.A. Rice-Evans and M.J. Davies (1991) Biochemical and
Biophysical Research Communications 179, 1414-1419). It is suggested that the longer-lived protein
radicals described here may be partly responsible for this effect. The mechanism of inhibition of initiation
of lipid peroxidation by hydroxamate drugs, such as NMBH, may therefore be due to reduction of the
protein-derived radicals, rather than reduction of ferryl haem.

KEY WORDS: Ferryl, myoglobin, radical, hydroxamate, EPR, peroxide.
Abbreviations NMBH, N-methylbutyrohydroxamic acid; DMPO, 5,5-dimethyl-1-pyrroline-N-oxide.
DFO, desferrioxamine.

INTRODUCTION

The peroxidase action of haem proteins has been recognised for many years.' The
interaction of metmyoglobin with peroxides involves activation to the ferryl species
which consists of an iron (IV)-oxo complex and a protein radical on the surface of
the protein.? It is not clear which of these species is responsible for oxidative
damage to biological substrates. It has been proposed that the radical on the surface
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of the haem protein is located on tyrosine-103, in equine myoglobin.** The protein
radical has been characterised by EPR spectroscopy, using both stopped-flow and
spin trapping with DMPO. It forms rapidly (in 10 seconds) and decays rapidly, the
DMPO-adduct being reduced to approximately 10% of its initial intensity after 10
minutes. It is suggested that the first detectable product is a tyrosine phenoxyl radical
and that this can react with molecular oxygen to produce a peroxyl radical,*
although the latter reaction is disputed.” These myoglobin-derived species can
interact with a variety of substrates - low density lipoproteins,® erythrocyte mem-
branes,” microsomes and model lipid membranes.® The precise identificafion of the
initiating species is not yet established; our recent studies have suggested that it is the
tyrosine-derived radicals on the surface of the haem protein which initiate oxidative
damage to erythrocyte membranes.” In this work we have combined optical spec-
troscopy and low temperature EPR to assess the efficacy of the monohydroxamate
drug, N-methylbutyrohydroxamic acid, NMBH.? Low temperature EPR confirms
the presence of short-lived radicals associated with ferryl myoglobin formation, but
also detects longer-lived radicals stable for over an hour subsequent to hydrogen
peroxide addition. NMBH is shown to be an effective hydrogen-donating anti-
oxidant, reducing both the ferryl haem and all protein radicals, thereby forming an
NMBH radical. The latter decays rapidly.

MATERIALS AND METHODS

The myoglobin (ferric form, horse heart, type 11I) was purified by oxidation with
potassium ferricyanide and subsequent separation on a Sephadex G-15 column. Visi-
ble spectroscopy was performed on a Beckman DU-65 spectrophotometer fitted with
Quant 1 software and linked to an IBM computer. The formation and reduction of
ferryl myoglobin species were assessed as described previously'® by determining the
concentration of the different myoglobin species using the Whitburn algorithms
based on the extinction coefficients for ferryl, met- and oxymyoglobin." The total
haem concentration was assessed by visible spectroscopy. Lipid peroxidation studies
of low-density lipoprotein were carried out as described previously.'

Continuous-wave EPR measurements were recorded on a Bruker ESP300 spec-
trometer fitted with a TE103 rectangular cavity, a Hewlett Packard microwave
requency counter 5350B and an Oxford instruments liquid helium flow cryostat
ESR90. Spectra were baseline corrected by subtraction of a cavity spectrum or
water/buffer under identical conditions. The peroxide solution was added to
metmyoglobin in a small tube at room temperature and aliquots removed at the
required times for freezing in EPR tubes. The samples contained in the EPR tubes
were rapidly frozen in liquid methanol, pre-cooled in a bath of liquid nitrogen. The
tubes were stored in a standard liquid nitrogen storage dewar and although the spec-
tra were recorded within 24 hours, all the EPR signals were found to be stable over
a significantly longer period (days-weeks). Quantification of the concentration of
free radical formed was determined by comparing the double integral of the
derivative spectrum to that of a Cu(II) standard, both recorded under non-saturating
conditions.

All reactions were carried out in phosphate-buffered saline (10mM phosphate, pH
7.4). Drugs were added to the metmyoglobin solution immediately prior to peroxide
addition. Desferrioxamine mesylate was from CIBA-Geigy and N-methylbutyrohy-
droxamic acid was synthesised by standard laboratory methods."

RIGHTS

i,



Free Radic Res Downloaded from informahealthcare.com by Library of Health Sci-Univ of 1l on 11/12/11
For personal use only.

MONOHYDROXAMATES AND FERRYL MYOGLOBIN RADICALS 221
RESULTS

On addition of hydrogen peroxide (1.25 molar excess) to metmyoglobin spectral
changes characteristic of the formation of a significant proportion of ferryl myoglobin
are observed.'® In the presence of NMBH or desferrioxamine the ferryl myoglobin is
reduced back to metmyoglobin.'* We have previously shown using room temperature
EPR that in the presence of hydroxamates the myoglobin protein radical is reduced
and a nitroxide radical becomes detectable.* However, in order to detect the signals
we used high (95 uM) protein concentrations. Using frozen samples at liquid helium
temperatures greater sensitivity is achieved, both intrinsically and because signal
averaging is possible (as the signals are stable at low temperature); low temperature
experiments were therefore carried out using identical (20 xM) protein concentrations
to those we have previously employed for optical spectroscopy.'*

Figure 1 shows the g = 2 region of the EPR spectrum five seconds after peroxide
treatment. In the absence of NMBH (Figure 1a) two distinct peaks are seen at
g = 2.035 and g = 2.004. Similar results have been reported by other workers>!*'®
and attributed to two distinct species, with the signal at g = 2.004 being the major
component. This is consistent with our previous work suggesting that there is more
than one radical formed at room temperature.® In agreement with previous
studies*'®'” we were never able to detect a stoichiometric formation of the
radical(s), relative to the initial level of metmyoglobin; the maximum total free
radical signal being 8% in experiments where the maximum amount of ferryl forma-
tion was 60%.
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FIGURE 1 Identification of free radicals formed from the interaction of NMBH with ferryl myoglobin
(a) 20 uM metmyoglobin + 25 uM H,0,, frozen after 10s; (b) 20 uM metmyoglobin + 25 uM
H,0, + 10 xM NMBH, frozen after 10s; (c) ferricyanide (crystals) + 800 uM NMBH, frozen after 60s;
(d) spectrum b minus spectrum ¢. EPR conditions: temperature 100 K, microwave power 20 mW,
microwave frequency 9.38 GHz, modulation frequency 100 KHZ, modulation amplitude 2 Gauss, Time
constant 0.33 s, Sweep Time S Gauss/s, Signal is average of 20 scans. Relative gains of spectra displayed
(@ x1,((d) x4()x2.
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In the presence of NMBH (Figure 1b) there is a much less intense free radical signal
detected; it also has different characteristics. The radical is only observed when met-
myoglobin, hydrogen peroxide and NMBH are all present. We attribute this signal
to the anisotropically broadened (i.e. broadened due to slow molecular motion)
NMBH nitroxide radical; both the g-value (2.006) and the one resolved hyperfine
splitting observable (8 Gauss) are consistent with this assignment. This 8 Gauss
coupling is consistent with a nitrogen coupling observed at room temperature for the
NMBH nitroxide radical (ay = 7.8 Gauss). Furthermore the low temperature spec-
trum obtained in the presence of metmyogiobin, H,0, and NMBH is identical to
that seen following addition of excess ferricyanide to NMBH (subtraction of the two
spectra yield a flat baseline - Figure 1d). Therefore the radical seen in Figure 1b must
be the product of a one electron oxidation of NMBH. This confirms that NMBH
decreases the yield of ferryl myoglobin by acting as an electron donor.

It is also possible to use low temperature EPR to monitor both the haem oxidation
state and the free radical signals simultaneously (Figure 2). The only oxidation state
of myoglobin readily detectable by EPR spectroscopy is Fe'' (metmyoglobin).
Therefore the technique can be used to directly detect the changes in concentration
of metmyoglobin, without interference from other oxidation states. Figure 2a shows
that following peroxide addition this high spin ferric signal (g = 6.0) decreases in
intensity, reaching a minimum at around 20 minutes. It then gradually increases, but
after 90 minutes it is still significantly smaller than its starting value. These results
are consistent with the time course of metmyoglobin loss calculated from the optical
spectra using the deconvolution algorithm of Whitburn'' and thus provide inde-
pendent evidence for the validity of this method. The kinetics of the decay and
re-formation of the g = 6 signal are consistent with those observed optically (results
not shown). The g = 2 region shows similar free radical signals to those seen in Figure
la. However, under the conditions used to record these spectra the signal shapes are
slightly different due to overmodulation and power saturation. There is also an effect
due to the overlap of these free radical signals with the low field signal from the haem
iron (g = 1.99). This latter effect can be compensated for by subtracting a proportion
of the spectrum of metmyoglobin prior to peroxide addition (where no organic
radicals are observed). Figure 2b shows these corrected spectra at low field. The
initial free radicals are not present if the samples are frozen 10 minutes subsequent
to peroxide treatment. However, there is a small free radical signal that is longer-
lived, and is still detectable 90 minutes after peroxide addition.

Peroxide addition to metmyoglobin in the presence of NMBH (Figure 3a) show a
smaller decrease in the high spin metmyoglobin signal, and a more rapid return to
its initial intensity; this is again consistent with data from optical spectroscopy.'* In
the presence of NMBH, the NMBH radical is seen instead of the myoglobin protein
radicals (the lack of hyperfine structure when compared to Figure 1b is due to over-
modulation and microwave power saturation of the radical signal under conditions
optimised for detection of the haem iron). This radical is not detectable if the samples
are frozen 20 minutes subsequent to peroxide addition. Furthermore, in the presence
of NMBH there is no evidence of a longer-lived protein-derived radical.

The conditions used to generate ferryl myoglobin in Figures 1-3 (20 uM met-
myoglobin +25 uM hydrogen peroxide) induce significant lipid peroxidation in
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FIGURE 2 Effect of hydrogen peroxide addition on metmyoglobin EPR signals. (a) [H,0,] = 25 uM,
[metmyoglobin] = 20 uM, samples frozen at indicated times after peroxide addition. EPR conditions:
temperature 30 K, microwave power 20 mW, microwave frequency 9.34 GHz, modulation frequency
100 KHz, modulation amplitude 9.7 Gauss, Time constant 0.33 s, Sweep Time 24 Gauss/s, Signal is
average of 2 scans. (b) Expansion of g = 2 region from (a). Spectra were individually corrected for
interference from g = 1.99 metmyoglobin signal by subtracting differing proportions of the control
metmyoglobin spectrum (¢ = 0, minus H,0,) until the g = 6 signal was minimal.
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FIGURE 3 Effect of hydrogen peroxide addition on metmyoglobin EPR signals in the presence of
NMBH. Conditions as for Figure 2 except that 10 uM NMBH was present.

0.25mg/ml low-density lipoprotein (measured 90 minutes after the simultaneous mix-
ing of metmyoglobin, H,0, and LDL). The presence of 10 uM or 100 yM NMBH
at ¢ = 0 inhibits this lipid peroxidation by 86% and 97% respectively. The reduction
of protein radicals and/or ferryl myoglobin by NMBH is likely to be significant
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factor in this inhibition, although NMBH can also act as a chain-breaking
antioxidant."

We have also observed the desferrioxamine radical using low temperature EPR
(Figure 4). Again immediately after peroxide addition the myoglobin protein radicals
(a) are replaced by a nitroxide radical (b). This was confirmed by comparing this
spectrum with that obtained via chemical oxidation of desferrioxamine with ferri-
cyanide (c). In the absence of peroxide no EPR signals are detectable in the g = 2
region (d).

At high peroxide: haem ratios it is known that there is damage to the prosthetic
group and release of iron.'* However, at the low ratios used in this study no evi-
dence for this process was observed, as evidenced by a lack of high spin non-haem
iron EPR signals at g = 4.3. Separate experiments showed that under the conditions
used the g = 4.3 EPR signal of ferrioxamine was detectable at concentrations at least
as low as 1 uM. This is consistent with our previous optical studies?® showing that
there is no iron release at these low peroxide: haem ratios (1.25:1). Therefore the
effect of both desferrioxamine'® and NMBH (this paper) in decreasing ferryl
myoglobin-induced lipid peroxidation is via reduction of the ferryl iron and/or the
protein-free radicals, rather than via iron chelation.
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FIGURE 4 Effect of desferrioxamine on the free radical signals observed following H,0, addition to
metmyoglobin. (a) metmyoglobin + H;0,; (b) metmyoglobin + H,0, + desferrioxamine; (c) desfer-
rioxamine + excess (solid) ferricyanide; (d) metmyoglobin alone. Concentrations used: H,0, = 119 uM,
metmyoglobin = 95 uM, desferrioxamine = 100 uM. Samples frozen 5 seconds after peroxide addition.
EPR conditions: As per Figure 1 except microwave frequency = 9.375 GHz. Spectra (b), (c) and (d) are
displayed at 4 x gain of spectra (a).
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DISCUSSION

These results show that monohydroxamates like NMBH can reduce both ferryl
myoglobin and its associated protein radicals, and that this is likely to be the primary
mechanism for their ability to inhibit lipid peroxidation in vitro and in vivo. The
products of these reductions are the respective hydroxamate radicals. The ability of
desferrioxamine and NMBH to inhibit ferryl myoglobin-catalysed lipid peroxidation
suggests that both NMBH and DFO radicals are themselves unable to induce damage
to lipids, as predicted from their delocalised structure.

The nature of the structure of the radical(s) on myoglobin is more controversial.
The major radical observed at room temperature and low temperature EPR have the
same g value (varying from 2.003-2.004, depending on the author) and are detectable
at similar times following peroxide addition. The fine structure observed at room
temperature appears indicative of a tyrosine-based radical. However, the lack of
resolvable fine structure at low temperature is in contrast to the well-characterised
tyrosine radicals of ribonucleotide reductase and photosystem 11.?' As suggested by
Petersen et al."® the low temperature signal observable at g = 2.03 may be due to
peroxyl radicals. The overlap of part of this signal with the tyrosine radical signal at
g = 2.003 might explain the difficulty in observing resolvable fine structure at low
temperature.

We have identified the presence of a longer-lived radical that is still detectable
90 minutes after peroxide addition. A similar signal has been detected previously by
low temperature EPR.'%!®* We have not as yet been able to detect this signal at room
temperature, presumably due to its low concentration. The amount of this long-lived
radical was somewhat variable from experiment to experiment. This is most likely
due to a variable rate of reduction as electrons enter the system - similar electron
leaks are seen with other proteins in the absence of strong external oxidants.?

There are two possible catalysts for the damage initiated by the addition of ferryl
myoglobin to lipids either ferryl haem or protein/porphyrin radicals: We have shown
that ferryl myoglobin is able to catalyse similar levels of lipid peroxidation, whether
membranes were added simultaneously with H,O, or twenty minutes subsequent.’
At the latter time the major free radical is not present, measured both by room
temperature and low temperature EPR. We have previously stated that this is
evidence for initiation of lipid peroxidation by ferryl species. The discovery of a
longer-lived free radical, still detectable ninety minutes after peroxide addition,
weakens this conclusion. The effects of desferrioxamine and NMBH in reducing lipid
peroxidation may therefore be due primarily to reduction of long-lived radicals on
the surface of the protein, rather than the ferryl iron.

Our previous studies have shown that ferryl myoglobin species can oxidise N-acetyl
cysteine and N-mercapto propionyl glycine to thiyl radicals, which can be detected
as the DMPO-thiyl adduct.'® The similar reactions observed here with hydrox-
amates shows that there is now a wide variety of compounds available that can
interact with ferryl myoglobin and its associated protein radicals. Their efficacy in
vivo in inhibiting reperfusion damage is currently under investigation.
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