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Peroxynitrite,1 a strong oxidizing and nitrating agent that can
be formed in vivo from the nearly diffusion-controlled reaction
of nitrogen monoxide with superoxide, has attracted increasing
interest over the past decade.2,3 Because of the instability of
peroxynitrite under physiological conditions,3 the detection of
3-nitrotyrosine (NO2-Tyr)4 has become a biochemical marker for
the presence of peroxynitrite in pathophysiological processes. The
biological significance of tyrosine nitration is a subject of great
interest, because extensive evidence supports the formation of
NO2-Tyr in vivo in diverse pathological conditions.5 These
observations have led to the search for a drug that can scavenge
this powerful oxidizing and nitrating agent. Indeed, the ability to
intercept and decompose peroxynitrite may represent a novel and
critical point of therapeutic intervention in diseases associated
with the overproduction of nitrogen monoxide and superoxide.

Recently, it has been shown that a series of water-soluble
iron(III)porphyrin complexes catalyze the isomerization of per-
oxynitrite to nitrate at physiological relevant pH and temperature.6

In particular, [FeIII (TMPS)]7- protects cells in culture from
exogenously added peroxynitrite and cytoprotection correlates well
with a reduction in the NO2-Tyr content of released cytosolic
proteins.7 Moreover, it has been reported that [FeIII (TMPS)]7-

reduces ischemia/reperfusion injury via direct scavenging and/or
reduction of peroxynitrite production during reperfusion.8 Despite
these promising results, recent studies have shown that iron(III)-
porphyrin complexes also catalyze the nitration as well as the
oxidation of added phenolic compounds.9 It is conceivable that
nitrogen dioxide and oxoiron(IV), generated from the one-electron
reduction of peroxynitrite by iron(III), may be the species
responsible for nitration.9 Interestingly, the iron(III) form of

myoglobin (metMb) is the only heme-containing protein studied
up to now in which the heme-center does not appear to react
with peroxynitrite.10 In the present work we show that the
reactivity of metMb toward peroxynitrite is regulated by the
presence of the distal histidine, which partly blocks the active
site and stabilizes, via a strong hydrogen bond, the water ligand
coordinated to the iron.

We have studied by stopped-flow spectroscopy11 the decom-
position rate of peroxynitrite in the presence of three different
sperm whale myoglobin mutants in which the distal histidine has
been replaced with alanine (H64A), leucine (H64L), or aspartic
acid (H64D).12 The reaction was studied by following the
absorbance changes at 302 nm, the characteristic absorbance
maximum of peroxynitrite.13 As depicted in Figure 1A, in 0.05
M phosphate buffer at pH 7.0 and 20°C peroxynitrite decays in
about 10 s. In the presence of 0.016 equiv of wild-type horse
heart iron(III)myoglobin (relative to peroxynitrite), the lifetime
of peroxynitrite is almost unchanged, whereas addition of 0.015
equiv of the H64L mutant slightly accelerates its decomposition
rate. In contrast, in the presence of only 0.013 equiv of either
H64A or H64D, peroxynitrite disappears in less than 500 ms
(Figure 1B).

As shown in Figure 2, for all four proteins studied the observed
peroxynitrite decay rates increase linearly with increasing protein
concentration indicating a first-order dependence on the protein.
The values forkcat at pH 7.4 and 20°C obtained from the linear
fits (Figure 2) are as follows: (1.4( 0.1)× 104 (WT-Mb), (6.7
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Figure 1. Time courses measured by stopped-flow spectroscopy at 302
nm for the decomposition of 100µM peroxynitrite in 0.05 M phosphate
buffer at pH 7.0, 20°C: (A) in the absence of added proteins, with added
WT-metMb, or H64L-metMb; (B) same as in part A plus added H64A-
metMb, or H64D-metMb.
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( 0.2) × 104 (H64L), (4.5 ( 0.1) × 106 (H64D), and (6.0(
0.1) × 106 M-1 s-1 (H64A). The rates for H64A and H64D are
among the largest values measured for reactions with peroxyni-
trite3 and are comparable to those of the most efficient iron(III)-
porphyrin catalysts (2.2× 106 M-1 s-1 for [FeIII (TMPyP)]5+ at
pH 7.0 and 37°C).6a

The value ofkcat obtained for the reaction of peroxynitrite with
H64A was found to increase with decreasing pH. At pH 6.9 we
obtained (1.3( 0.1) × 107 M-1 s-1, whereas at pH 7.8kcat )
(2.0( 0.2)× 106 M-1 s-1. These data suggest that peroxynitrous
acid (HOONO) might be the species that reacts with the protein
in our system. Alternatively, the ionization of one or more groups
in the protein could also be responsible for the observed pH
dependence.

As summarized in Table 1, analysis by ion chromatography11

of the nitrogen-containing products revealed that in the presence
of 0.01 equiv of H64A peroxynitrite isomerizes completely to
nitrate. Decay of peroxynitrite under the same conditions but in
the absence of the protein yields about 13% nitrite. This result
indicates that the myoglobin mutants studied are efficient per-
oxynitrite isomerases.

To evaluate whether the studied Mb mutants can also protect
against nitration of tyrosine, we determined the yield of NO2-
Tyr formed by the reaction of peroxynitrite with added free
tyrosine in the presence of H64A, H64L, or H64D. In contrast to
the iron(III)porphyrin complexes,9 the myoglobin mutants ef-
ficiently prevent nitration of added tyrosine. As shown in Table
2, HPLC analyses14 revealed that addition of 0.01 equiv of H64A
or H64D (relative to tyrosine) lowered the yield of NO2-Tyr to
less than 10% of the amount found in the absence of the proteins.
In the presence of 0.05 equiv of H64A the nitration was prevented
almost completely. The efficiency of the protection reaction
correlates with the value ofkcat. In the presence of 0.01 equiv of
WT-metMb the relative yield of NO2-Tyr was still 87%.

Preliminary results show that H64A is an efficient scavenger
also in the presence of 1.2 mM CO2 (kcat ) (9.6 ( 0.2) × 106

M-1 s-1, at pH 7.3 and 20°C). As shown in Table 2, 0.05 equiv
of H64A prevent the nitration of tyrosine almost completely also
in the presence of 1.2 mM CO2.

In contrast to the reaction of peroxynitrite with iron porphyrin
complexes, which results in the rapid formation of the oxoiron(IV)
form, no change was observed in the UV-vis spectrum of the
protein solutions mixed with peroxynitrite (data not shown). This
observation indicates that either isomerization proceeds via a
different mechanism which does not involve the oxoiron(IV)
species or that the reduction of this intermediate is very rapid
and its formation is the rate-determining step. We have recently
shown that a peroxynitrito-metMb complex is formed as an
intermediate of the nitrogen monoxide-mediated oxidation of
oxyMb and can partly be stabilized under alkaline conditions.15

Attempts were made to identify a similar intermediate in the
course of the reaction of peroxynitrite with the Mb mutants, but
also under alkaline conditions (pH 9.5) no change was observed
in the UV-vis spectrum.

The significant difference in the reactivity of peroxynitrite
toward WT-metMb and the His64 mutants studied is likely to
arise from the relief of steric hindrance imposed by the imidazole
side chain and the rupture of the hydrogen bond to the coordinated
water ligand. Indeed, it has been shown that the rate-determining
step for azide binding to metMb is the dissociation of coordinated
water and that this reaction proceeds at a significantly larger rate
with the H64A mutant.16 The two most efficient peroxynitrite
isomerases, the mutants H64A and H64D, have a water ligand
bound to the iron whereas H64L is 5-coordinate. Therefore, our
results suggest that once the H-bond which stabilizes the
coordinated water is ruptured the reactivity toward peroxynitrite
is regulated mostly by steric factors.

In conclusion, in this work we have shown that two His64
metMb mutants are extremely active catalysts for the isomeriza-
tion of peroxynitrite to nitrate as well as efficient protecting agents
against peroxynitrite-mediated nitration of free tyrosine under
physiological conditions. Therefore, these proteins might find an
application as scavengers against peroxynitrite-mediated damage.
More studies are needed, and are in course in our laboratory, to
elucidate the mechanism of action of these catalysts, in particular
to explain the differences in reactivity between the Mb mutants
and the iron(III)porphyrin complexes.
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Figure 2. Plots of kobs versus protein concentration for the protein-
catalyzed decomposition of peroxynitrite in 0.05 M phosphate buffer at
pH 7.4 and 20°C. The second-order rate constants resulting from the
linear fits depicted are given in the text.

Table 1. Percentage of Yield of Nitrate and Nitrite from the
Decomposition of 159µM Peroxynitrite in 0.05 M Phosphate
Buffer at pH 7.4 (20°C) in the Absence and the Presence of Added
H64A

product no protein 0.2µM H64A 1.6µM H64A

NO3
- 88 93 99

NO2
- 13 7 <1

Table 2. Relative Yielda of NO2-Tyr Formed from the Reaction of
200 µM Peroxynitrite with 100µM Tyrosine (in 0.05 M phosphate
buffer at pH 7.4 and 20°C) in the Presence of Different
Concentrations of Proteins and (last lane) 1.2 mM CO2

[protein] (µM) WT-Mb H64L H64D H64A

0 100 100 100 100
1 86 67 7 7
5 73 30 4 3
5 (1.2 mM CO2) 85 54 7 4

a Relative yield) (yield with added protein/yield with no protein)
× 100%.
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