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ABSTRACT: The strong oxidizing and nitrating agent peroxynitrite has been shown to diffuse into erythrocytes
and oxidize oxyhemoglobin (oxyHb) to metHb. Because the value of the second-order rate constant for
this reaction is on the order of 104 M-1 s-1 and the oxyHb concentration is about 20 mM (expressed per
heme), this process is rather fast and oxyHb is considered a sink for peroxynitrite. In this work, we
showed that the reaction of oxyHb with peroxynitrite, both in the presence and absence of CO2, proceeds
via the formation of oxoiron(IV)hemoglobin (ferrylHb), which in a second step is reduced to metHb and
nitrate by its reaction with NO2•. In the presence of physiological relevant amounts of CO2, ferrylHb is
generated by the reaction of NO2

• with the coordinated superoxide of oxyHb (HbFeIIIO2
•-). This reaction

proceeds via formation of a peroxynitrato-metHb complex (HbFeIIIOONO2), which decomposes to generate
the one-electron oxidized form of ferrylHb, the oxoiron(IV) form of hemoglobin with a radical localized
on the globin. CO3•-, the second radical formed from the reaction of peroxynitrite with CO2, is also
scavenged efficiently by oxyHb, in a reaction that finally leads to metHb production. Taken together, our
results indicate that oxyHb not only scavenges peroxynitrite but also the radicals produced by its
decomposition.

Peroxynitrite,1 a biological relevant oxidizing and nitrating
species, is produced by the nearly diffusion-limited reaction
between nitrogen monoxide (NO•) and superoxide (O2•-)
radicals (1, 2). Hemoproteins are among the targets that are
modified by peroxynitrite in vivo. These proteins can be
oxidized by peroxynitrite (3-5) or can catalyze its isomer-
ization to nitrate (6, 7). Moreover, in some cases hemopro-
teins have been shown to catalyze the peroxynitrite-mediated
nitration of externally added tyrosine and/or of their own
tyrosine residues (5, 8). The high concentration in which
hemoproteins are found in some tissues and/or the large
values of the second-order rate constants for their reactions
with peroxynitrite lead to in vivo rates comparable to that
of the reaction of peroxynitrite with CO2, a key compound
that strongly influences peroxynitrite reactivity in biological
systems. The reaction between peroxynitrite anion and CO2

[6 × 104 M-1 s-1 at 37°C (9) and 3× 104 M-1 s-1 at 20°C
(10)] significantly shortens the lifetime of peroxynitrite in
biological systems and leads to the production of carbonate
radicals [CO3

•-, systematic name: trioxidocarbonate (•1-)]
and nitrogen dioxide (NO2•).

Myoglobin (Mb)2 and hemoglobin (Hb) have been shown
to react with peroxynitrite according to a variety of different
mechanisms, depending on their oxidation state and on the

ligands bound to the sixth coordination site. Their iron(III)
forms, metMb and metHb, catalyze the isomerization of
peroxynitrite to nitrate, albeit not very efficiently (at pH 7.0
and 20°C, kcat ) (2.9 ( 0.1) × 104 and (1.2( 0.1) × 104

M-1 s-1, respectively) (6). The reduced nitrosyl form of Hb
(HbFeIINO) is oxidized by peroxynitrite to the corresponding
iron(III) nitrosyl from (HbFeIIINO) (11). The second-order
rate constants for this process are (6.1( 0.3) × 103 and
(5.3( 0.2)× 104 M-1 s-1, in the absence and in the presence
of 1.2 mM CO2, respectively (11).

OxyMb is oxidized to metMb by an excess of peroxynitrite
in a two-step mechanism (eqs 1 and 2). First, oxyMb is
oxidized to MbFeIVdO [(5.4 ( 0.2) × 104 M-1 s-1 at pH
7.3 and 20°C], which then is reduced by peroxynitrite to
metMb [(2.2( 0.1) × 104 M-1 s-1 at pH 7.3 and 20°C]
(12). In the presence of 1.2 mM CO2, the overall reaction
mechanism is the same but the value of the second-order
rate constant for the first reaction step is significantly larger
[(4.1 ( 0.7) × 105 M-1 s-1 at pH 7.5 and 20°C] (13). In
contrast, the value of the second-order rate constant for the
reduction of MbFeIVdO to metMb is only slightly larger [(3.2
( 0.2) × 104 M-1 s-1 at pH 7.5 and 20°C] (13).

Peroxynitrite has been shown to be able to cross eryth-
rocyte membranes by simple diffusion of the protonated form
or via an anion-channel dependent mechanism (for ONOO-)
(14, 15). Thus, oxyHb is also an important target for
peroxynitrite produced in the intravascular compartment. In
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MbFeO2 + HOONO/ONOO- f MbFeIVdO + ... (1)

MbFeIVdO + HOONO/ONOO- f metMb+ ... (2)
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this article, we present a detailed kinetic and mechanistic
study of the reaction of peroxynitrite with deoxyHb and
oxyHb, both in the presence and absence of added CO2.
Moreover, to support our new mechanistic hypothesis that
attributes to NO2• an important role for the production of
the observed ferryl intermediate (HbFeIVdO), we also present
pulse radiolysis studies of the reaction between oxyHb and
NO2

•.

EXPERIMENTAL PROCEDURES

Reagents.Buffer solutions were prepared from K2HPO4/
KH2PO4 (Fluka) with deionized Milli-Q water. Sodium
dithionite, sodium nitrite, sodium nitrate, potassium super-
oxide, N-ethylmaleimide (NEM), and hydrogen peroxide
were obtained from Fluka. Sodium bicarbonate was pur-
chased from Merck. 4,4′-Dithiopyridine (4-PDS) was pur-
chased from Aldrich. Nitrogen monoxide was obtained from
Linde and passed through a NaOH solution as well as a
column of NaOH pellets to remove higher nitrogen oxides
before use.

Peroxynitrite, Carbon Dioxide, and Protein Solutions.
Peroxynitrite was prepared from KO2 and gaseous nitrogen
monoxide according to the literature (16) and stored in small
aliquots at-80 °C. The peroxynitrite solutions contained
variable amounts of nitrite (maximally 50% relative to the
peroxynitrite concentration) and no hydrogen peroxide.
Nitrite did not interfere with our studies, since the reactions
of HbFeO2 or HbFeIVdO with nitrite proceed at a signifi-
cantly slower rate than the corresponding reactions with
peroxynitrite (6, 17, 18). The peroxynitrite stock solution
was diluted with 0.01 M NaOH, and the concentration of
the resulting solutions was determined spectrophotometrically
prior to each experiment by measuring their absorbance at
302 nm [ε302 ) 1705 M-1 cm-1 (19)].

For the experiments carried out in the absence of added
CO2, the buffers and the 0.01 M NaOH solutions were
prepared fresh daily and thoroughly degassed. Experiments
in the presence of CO2 were carried out by adding the
required amount of a freshly prepared 0.5 M sodium
bicarbonate solution to the protein solutions as described in
detail in ref13. The values for the constant of the hydration-
dehydration equilibrium CO2 + H2O h H+ + HCO3

- were
taken from ref20, by taking in consideration the ionic
strength of the solutions. After addition of CO2 or bicarbon-
ate, the protein solutions were allowed to equilibrate at room
temperature for at least 5 min.

A purified human oxyhemoglobin (HbFeO2) stock solution
(57 mg/mL solution of HbA0 with approximately 1.1%
metHb, no apoHb, and free of catalase) was a kind gift from
APEX Bioscience, Inc. MetHb and HbFeIVdO (ferrylHb)
solutions were prepared as described elsewhere (6). Deoxy-
hemoglobin was prepared by thoroughly degassing a HbFeO2

solution. The concentrations of the solutions containing the
different hemoglobin forms were determined spectrophoto-
metrically (21). Cysteineâ93-blocked HbFeO2 was prepared

by allowing HbFeO2 (∼2 mM in 0.1 M phosphate buffer
pH 7.2) to react with a 10-fold excess of NEM for 1 h. The
solution was then purified by chromatography over a
Sephadex G-25 column by using a 0.1 M phosphate buffer
solution (pH 7.0) as the eluent. The efficiency of the blocking
procedure was controlled by analyzing the free Cysâ93
content with 4,4′-dithiopyridine (4-PDS) (22, 23). The
concentration of the NEM-blocked HbFeO2 solution was
determined by using the values of the extinction coefficients
of the absorbance maxima of unmodified metHb (21).

Stopped-Flow Experiments.The protein solutions were
prepared by diluting the HbFeO2 and the HbFeIVdO stock
solutions to the desired concentration with 0.1 M phosphate
buffer (pH 5.6-7.3) under aerobic conditions, in the absence
or presence of added bicarbonate. Peroxynitrite solutions
were prepared by diluting the stock solution immediately
before use with 0.01 M NaOH to achieve the required
concentration. In general, the protein was dissolved in a 0.1
M buffer at a pH slightly more acidic (0.4-0.7 pH units
lower) than the desired final pH, which was always measured
at the end of the reactions for control.

Kinetic studies were carried out either with a SX18MV-R
or a SX17MV Applied Photophysics single-wavelength
stopped-flow instrument and with an On-Line Instrument
Systems Inc. stopped-flow instrument equipped with an OLIS
RSM 1000 rapid scanning monochromator. The length of
the cells in the three spectrophotometers is 1 cm. The mixing
time of the instruments is 2-4 ms. All measurements were
carried out at 20°C.

With the Applied Photophysics instrument, kinetic traces
were collected at different wavelengths between 300 and 650
nm and the data were analyzed with Kaleidagraph, version
3.52. For the determination of the second-order rate con-
stants, the traces were mostly collected at 586 and 609 nm.
For the kinetic studies of the reactions in the presence of
CO2 carried out with the SX18MV-R Applied Photophysics
instrument, it was essential to insert a cutoff filter (550 nm)
to avoid the interference of stray light due to second-order
effects of the strong absorbance band of peroxynitrite (λmax

) 302 nm). Indeed, in the absence of the filter the traces
measured at 609 nm showed the expected increase in
absorbance, followed by a decrease with an amplitude mostly
larger than that of the first process. Variation of pH, protein,
and peroxynitrite concentrations showed that the observed
decrease in absorbance corresponded to the second-order
absorbance of the 302 nm band of peroxynitrite. In the
presence of the filter, the traces measured at 609 nm
displayed only the expected increase in absorbance.

In all cases, the results of the fits of the traces (averages
of at least 10 single traces) from at least five experiments
were averaged to obtain each observed rate constant, given
with the corresponding standard error. Care was taken that
the absolute absorbance of the reaction mixture was not
higher than one absorbance unit.

For the studies of the reaction between deoxyHb and
peroxynitrite, the cooling water of the OLIS stopped-flow
instrument was degassed, and the syringes and the lines of
the instrument were filled with a concentrated sodium
dithionite solution, which was allowed to react with the
oxygen present in the lines for several minutes. Immediately
before the experiments, the stopped-flow lines were washed
with several milliliters of degassed buffer. The two thor-

2 Abbreviations: EPR, electron paramagnetic resonance; Hb, he-
moglobin; HbFeO2, oxyhemoglobin (oxyHb); metHb, iron(III )hemo-
globin; HbFeIVdO, oxoiron(IV)hemoglobin, ferrylHb; Mb, myoglobin;
MbFeO2, oxymyoglobin (oxyMb); metMb, iron(III )myoglobin;
MbFeIVdO, oxoiron(IV)myoglobin, ferrylMb; HbFeII, deoxyhemoglo-
bin; NEM, N-ethylmaleimide.
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oughly degassed solutions of deoxyHb and peroxynitrite were
transferred in two gastight Hamilton SampleLock syringes.
Before inserting the syringes in the corresponding connec-
tions of the instrument, we filled these connections with water
and degassed them for several minutes by using a thin needle.
The insertion of the syringes was then performed as fast as
possible by contemporaneously removing the needles. A few
milliliters of the solutions were used to wash again the lines,
and finally several shots were collected as fast as possible.
With all these precautions, essentially no HbFeO2 was formed
prior to mixing deoxyHb with peroxynitrite.

Determination of the Amount of Peroxynitrite Required
to Completely ConVert HbFeO2 or HbFeIVdO to metHb.
Absorption spectra were collected on an Analytik Jena
Specord 200 spectrophotometer. The amount of peroxynitrite
required to completely convert HbFeO2 to metHb was
determined in 0.1 M phosphate buffer pH 7.4 in the absence
or presence of 1.2 mM CO2. Peroxynitrite was either added
as a bolus or titrated in the protein solution. In a typical
experiment, the HbFeO2 solution (2 mL of a 8 or a 39µM
solution) was placed in a sealable cell, 100-200 µL of a
peroxynitrite solution of variable concentrations was added,
and the cell was gently shaken. Finally, a spectrum was
recorded as fast as possible (in ca. 20 s) to avoid subsequent
reaction with the nitrite present as an impurity in the
peroxynitrite solution (13). If the reaction was not complete,
an additional peroxynitrite aliquot was added immediately.
The reaction was considered to be finished when addition
of peroxynitrite did not induce further changes in the UV/
vis spectrum. In the presence of 1.2 mM CO2, upon addition
of more than 5 equiv of peroxynitrite to the 39µM HbFeO2

solution the protein was found to degrade during the time
required to measure the UV/vis spectra. Thus, the amount
of peroxynitrite required to completely convert HbFeO2 (8
or 39 µM) to metHb was also determined by mixing equal
volumes of the two solutions with the OLIS stopped-flow
instrument (both in the absence and presence of added CO2).
The reaction was followed spectrophotometrically and the
last spectra were compared with that of pure metHb
(collected under analogous conditions). Similar reactions
were carried out by mixing HbFeIVdO with peroxynitrite.
Finally, to study whether the reaction of peroxynitrite with
the reactive cysteine residuesâ93 influenced the number of
equivalents required to completely oxidize HbFeO2 to metHb,
we carried out analogous experiments also with NEM-
blocked HbFeO2. All experiments were carried out at least
twice and the accuracy of the results is to be considered(1
equivalent.

Determination of Nitrite and Nitrate.Product analysis was
carried out as described previously (24, 25) by anion
chromatography with conductivity detection with a Metrohm
instrument (IC Separation Center 733, IC detector 732 and
IC pump 709) equipped with an Anion SUPER-SEP
(6.1009.000) column and an Anion SUPER-SEP (6.1009.010)
precolumn. Calibration curves were obtained by measuring
5-10 standard sodium nitrite and sodium nitrate solutions
in 5 mM phosphate buffer. The samples were prepared by
mixing 500µL of HbFeO2 (5 or 10µM in 0.1 M phosphate
buffer pH 6.9 or in 0.1 M phosphate buffer pH 6.8 containing
22 mM sodium bicarbonate) at room temperature with 500
µL of an ice-cooled peroxynitrite solution (200µM in 0.01
M NaOH) while vortexing. The reaction mixture was diluted

1:10 with water and analyzed within ca. 5 min. At least two
analyses of three separate experiments were carried out for
each protein. The results are given as mean values plus or
minus the corresponding standard deviation. The contamina-
tion of nitrite and nitrate in peroxynitrite was determined as
reported recently (25). Usual nitrite and nitrate contamina-
tions were in the range 20-50 and 0-10% of the peroxy-
nitrite concentration, respectively.

Pulse Radiolysis.Pulse radiolysis experiments were carried
out with a Febetron 705 (Titan Systems Corp, San Leandro,
CA) 2 MeV accelerator as described previously (26). The
length of the cell was 1 cm. N2O-saturated HbFeO2 solutions
of different concentrations were prepared by adding the
required volume of a ca. 3 mM HbFeO2 stock solution to
N2O-saturated 0.1 M phosphate buffer pH 7.4 directly in a
gastight SampleLock Hamilton syringe. The 10 mM N2O-
saturated nitrite solution was prepared analogously from a
0.2 M nitrite stock solution. The HbFeO2 and the nitrite
solutions were then rapidly mixed before irradiating the cell
(mixing time ca. 2-3 s). Under the conditions of our
experiments, radiolysis primarily yields hydroxyl radicals
which rapidly and selectively react with nitrite to generate
nitrogen dioxide. Radiation doses (3-140 Gy) were used to
produce between 2 and 75µM NO2

•.

RESULTS

Rapid-Scan UV/Vis Spectroscopic Studies of the Reaction
Between Oxyhemoglobin and Peroxynitrite in the Absence
of Carbon Dioxide.Preliminary studies of the reaction of
peroxynitrite with oxyhemoglobin (HbFeO2) showed that it
proceeds in two steps, analogously to the corresponding
reaction with oxymyoglobin (12). First, HbFeO2 is oxidized
by peroxynitrite to HbFeIVdO, which is subsequently
reduced by peroxynitrite to yield the final product, metHb.
Because the observed rate constants for the two reaction steps
are nearly identical, HbFeIVdO does not accumulate in
concentrations large enough to be detected directly. However,
the presence of HbFeIVdO as a reaction intermediate was
confirmed by detecting Fe(II)sulfohemoglobin when peroxy-
nitrite was added to HbFeO2 in the presence of Na2S (12,
27).

As depicted in Figure 1, rapid-scan UV/vis spectroscopic
studies of the reaction of HbFeO2 with an excess of
peroxynitrite (at pH 7.4 and 20°C) clearly indicated the
presence of two distinct reaction steps, each with a set of
isosbestic points corresponding to the transformations HbFeO2

f HbFeIVdO (475, 527, and 584 nm) and HbFeIVdO f
metHb (468, 529, and 610 nm), respectively. To determine
the relative concentration of the different Hb species during
the course of the reaction, all the spectra shown in Figure 1
were fitted by using a linear combination of the spectra of
pure HbFeO2, HbFeIVdO, and metHb. The results given in
Figure 2 indicate that maximally 20% of HbFeIVdO ac-
cumulated after about 0.6 s, under the conditions of the
experiment depicted in Figure 1. At the end of the reaction
(after ca. 4 s), most HbFeO2 was converted to metHb, but
approximately 5% of Hb were present in the ferryl form.

pH Dependence of the Oxidation Rate of Oxyhemoglobin
by Peroxynitrite in the Absence of Carbon Dioxide.To get
a better understanding of the mechanism of the reaction of
HbFeO2 with peroxynitrite, we studied the kinetics of this
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reaction at pH 6.4, 7.4, and 8.0 (at 20°C). In all our
experiments, peroxynitrite was present at least in 10-fold
excess to maintain pseudo-first-order conditions. As in our
previous work with MbFeO2 (12), the two steps of the
reaction were studied separately. The first step (HbFeO2 f
HbFeIVdO) was followed at absorbance changes at 609 nm
(at pH 7.4,∆ε609 ) 3.3 mM-1 cm-1), close to one of the
isosbestic points of the spectra of HbFeIVdO and metHb.
The reaction of HbFeIVdO to metHb (second step) was
studied by following the absorbance changes at 586 nm (at
pH 7.4,∆ε586 ) 4.3 mM-1 cm-1), one of the isosbestic points
of the spectra of HbFeO2 and HbFeIVdO. For both wave-
lengths, time courses could be fitted to a single exponential
expression (data not shown). Traces for the second reaction

step were fitted approximately from the point when the first
step was over.

At pH 8.0, no clear isosbestic point was observed for the
second step of the reaction, the conversion of HbFeIVdO to
metHb, which under these conditions is a mixture of
HbFeIIIOH2 and HbFeIIIOH. Thus, no wavelength was found
at which we could follow the absorbance changes arising
exclusively from the first reaction step. Moreover, because
the values of the observed rate constants for the two reaction
steps are very similar, it was also not possible to determine
the two values by fitting a trace collected at a wavelength at
which both reaction steps contribute to the observed absor-
bance changes. Consequently, at pH 8.0 we could only
determine the second-order rate constant for the conversion
HbFeIVdO f metHb. Indeed, the spectra of HbFeO2 and
HbFeIVdO are pH independent and, thus, the kinetic traces
for this second reaction step could be collected at 586 nm,
as under neutral conditions.

As shown in Figure 3, at all pH values studied the observed
rate constants increased linearly with increasing peroxynitrite
concentration. For both reaction steps, the values of the
second-order rate constants decreased with increasing pH
(Table 1). The observed pH dependence suggests that
HOONO [pKa ) 6.8 (28)], or the products of its decomposi-
tion, are the species that react with HbFeO2. Alternatively,
the larger second-order rate constant obtained at lower pH
may be a consequence of conformational changes occurring
in the protein after protonation of histidine residues, in
particular, of the distal histidine. Interestingly, the same pH
dependence was observed for the analogous reaction of

FIGURE 1: Rapid-scan UV/vis spectra of the reaction between
HbFeO2 (42 µM) and peroxynitrite (294µM), in 0.05 M phosphate
buffer at pH 7.4 and 20°C. The traces depicted were recorded in
(A) 0, 128, 256, 384, 512, and 640 ms after mixing, and in (B)
1.7, 2.3, 2.9, 3.6, and 4.2 s after mixing. In (A), the spectrum of
HbFeO2 is shown in bold. In (B), the final spectrum is shown in
bold.

FIGURE 2: Percentage of the different Hb forms present during the
reaction of HbFeO2 (42 µM) with peroxynitrite (294µM) in 0.05
M phosphate buffer pH 7.4 at 20°C. The relative concentrations
of the three Hb forms were determined by fitting the spectra shown
in Figure 1 with a linear combination of the spectra of pure HbFeO2,
HbFeIVdO, and metHb.

FIGURE 3: Plots ofkobs versus peroxynitrite concentration for the
two steps (A) HbFeO2 f HbFeIVdO and (B) HbFeIVdO f metHb
of the peroxynitrite-mediated oxidation of HbFeO2 (4 µM) in 0.05
M phosphate buffer at 20°C. In (B), comparison with the data
obtained from the reaction of separately prepared HbFeIVdO with
peroxynitrite under the same conditions. The second-order rate
constants resulting from the linear fits depicted are summarized in
Table 1.
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peroxynitrite with MbFeO2 (12).
At all pH studied, the values of the observed rate constants

for the first and the second steps of the reaction between
HbFeO2 and peroxynitrite were always very similar. How-
ever, for the analogous reaction with MbFeO2 the value of
the first reaction step was always 2-3 times larger than that
of the second step (12).

To further support the assignment of the second step of
the peroxynitrite-mediated oxidation of HbFeO2 as the
reduction of HbFeIVdO to metHb, we investigated the
kinetics of the reaction of separately prepared HbFeIVdO
with peroxynitrite by following the absorbance changes at
586 nm (at pH 7.4). As shown in Figure 3B, the second-
order and the observed rate constants measured for the
reaction of HbFeIVdO with different peroxynitrite concentra-
tions are essentially identical to those of the second step of
the peroxynitrite-mediated oxidation of HbFeO2 under identi-
cal conditions.

Dependence of the Rate Constants for the Peroxynitrite-
Mediated Oxidation of Oxyhemoglobin on the Protein
Concentration.We have previously reported values of (8.8
( 0.4)× 104 and (9.4( 0.7)× 104 M-1 s-1 for the second-
order rate constants for the first and the second steps of the
peroxynitrite-mediated oxidation of HbFeO2 at pH 7.0 and
20 °C, respectively (12). At first sight, these values are not
consistent with those reported in this work (Table 1).
However, all the kinetic studies reported here were carried
out with a protein concentration of 4µM, whereas previous
studies were carried out with 2µM protein. As shown in
Figure 4, the observed rate constants of the peroxynitrite-
mediated oxidation of HbFeO2 increase with decreasing
protein concentration. Interestingly, a similar trend was
previously observed for the analogous reaction between
peroxynitrite and MbFeO2 (13).

A possible explanation for these results is that the reaction
of peroxynitrite with the dimeric form of the protein is faster
because in tetrameric HbFeO2 the direct interaction of
peroxynitrite with the heme center is partly hindered. As
discussed in our previous work (13), aggregation of the
protein may also be responsible for the observed decrease
of the rate of the reaction with higher concentrations of
MbFeO2.

Reaction of Deoxyhemoglobin with Peroxynitrite in the
Absence of Carbon Dioxide.The reaction of deoxyHb with
peroxynitrite was investigated by rapid-scan UV/vis spec-
troscopy at pH 7.4 and 20°C. As shown in Figure 5, when

deoxyHb (2.5µM) was mixed with thoroughly degassed
peroxynitrite (100µM), the characteristic absorbance maxi-
mum of the Soret band of deoxyHb (430 nm) decreased
whereas a new band appeared with a maximum at 405 nm
(metHb). At first sight, the reaction seemed to proceed
without the formation of intermediates. However, as shown
from the trace extracted at 416 nm (Figure 5, below), also
the reaction of deoxyHb with peroxynitrite first yields an
intermediate, very likely HbFeIVdO, that is converted to the
final product (metHb) only in a second stage of the reaction.
HbFeIVdO cannot be detected directly because its spectrum
shows an absorbance maximum at 418 nm, a wavelength
that lies between those of deoxyHb (430 nm) and metHb

Table 1: pH-Dependence of the Second-Order Rate Constants
(M-1 s-1) of the Two Steps of the Reaction between HbFeO2 and
Peroxynitrite Obtained at 20°C

pH [CO2] (mM) HbFeO2 f HbFeIVdO HbFeIVdOf metHb

6.4 0 (9.6( 0.3)× 104 (9 ( 1) × 104

6.4 1.2 (1.7( 0.4)× 105 (2.3( 0.2)× 105

6.4 2.4 (2.6( 0.2)× 105 n.d.b

7.4 0 (3.3( 0.1)× 104 (3.3( 0.4)× 104

7.4a 0 (3.8( 0.2)× 104

7.4 1.2 (3.5( 0.3)× 105 (1.1( 0.1)× 105

7.4a 1.2 (2.5( 0.2)× 105

7.4 2.4 (6.1( 0.7)× 105 n.d.b

8.0 0 n.d.b (1.6( 0.5)× 104

8.0 1.2 (2.2( 0.1)× 105 (5.2( 0.6)× 104

8.0 2.4 (5.1( 0.3)× 105 n.d.b

a Reaction with separately prepared HbFeIVdO. b Not determined.
FIGURE 4: Dependence on the protein concentration of the observed
pseudo-first-order rate constants for the two steps of the reaction
between peroxynitrite (250µM) and HbFeO2 (in 0.05 M phosphate
buffer pH 7.4 and 20°C).

FIGURE 5: (Top) Rapid-scan UV/vis spectra of the reaction between
deoxyHb (2.5µM) and peroxynitrite (100µM) in 0.05 M phosphate
buffer at pH 7.4, 20°C. The traces depicted were recorded 0, 0.1,
0.2, 0.3, 0.4, 0.6, 0.8, 1, and 1.6 s after mixing. Spectra were
collected each millisecond, but to improve the signal-to-noise ratio,
each curve shown represents the average of 10 measured curves.
The spectra of deoxyHb and metHb are shown in bold (line), and
the spectrum recorded after 0.2 s is shown as a dotted bold line.
(Bottom) Kinetic trace at 416 nm.
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(405 nm). Moreover, the rates of formation and decay of
HbFeIVdO are rather similar (approximately 3.1 and 2.1 s-1,
under the conditions of the experiment depicted in Figure
5) and thus its steady-state concentration is expected to be
very small. Taken together, these results show that the order
of magnitude of the second-order rate constant for the
formation of HbFeIVdO from the reaction of deoxyHb with
peroxynitrite is also 104 M-1 s-1. Interestingly, we have
previously shown that the reaction of deoxyMb with peroxy-
nitrite proceeds at a significantly faster rate (ca. 106 M-1

s-1 (12)), despite the similarity between the two proteins.

Rapid-Scan UV/Vis Spectroscopic Studies of the Reaction
Between Oxyhemoglobin and Peroxynitrite in the Presence
of Carbon Dioxide.Carbon dioxide, which rapidly reacts with
ONOO- to yield the adduct ONOOCO2- which partly
decomposes to CO3•- and NO2

• (9, 10, 29), represents one
of the most important targets of peroxynitrite in biological
systems. Thus, we have investigated the influence of CO2

on the reaction between HbFeO2 and peroxynitrite. As shown
in Figure 6, in the presence of 1.2 mM CO2 the changes
observed in the rapid-scan UV/vis spectra of the reaction
between HbFeO2 and peroxynitrite were qualitatively identi-
cal to those observed in its absence (Figure 1). In the first
part of the reaction (Figure 6A), HbFeO2 is oxidized to
HbFeIVdO with isosbestic points at 525 and 586 nm. The
last spectra (Figure 6B) show the conversion of HbFeIVdO
to metHb, with isosbestic points at 523 and 605 nm. Taken
together, these observations suggest that addition of CO2 does
not significantly alter the overall reaction mechanism. The
formation of HbFeIVdO as an intermediate of the reaction
between HbFeO2 and peroxynitrite in the presence of

1.2 mM CO2 has previously been demonstrated by detection
of Fe(II)sulfohemoglobin upon reaction of HbFeO2 and
peroxynitrite in the presence of Na2S (30).

Also for the experiment depicted in Figure 6, we fitted
all the spectra with a linear combination of the spectra of
pure HbFeO2, HbFeIVdO, and metHb, to determine the
relative concentration of the different Hb species during the
course of the reaction. As shown in Figure 7, the amount of
HbFeIVdO that accumulated under the conditions of this
experiment was maximally around 40%, approximately 30
ms after mixing. Interestingly, this amount is significantly
higher than that accumulated in a similar experiment in the
absence of added CO2 (Figure 2).

The kinetics of the two steps of the reaction between
HbFeO2 and peroxynitrite in the presence of different
amounts of CO2 were studied separately by single-wave-
length stopped-flow spectroscopy under pseudo-first-order
conditions with peroxynitrite in excess, analogously to the
studies in the absence of CO2. At pH 7.4, we found that the
observed rate constants for the two reaction steps increased
nearly linearly with increasing CO2 concentration in the range
0.6-4.8 mM (Figure S1, Supporting Information). This result
indicates that HbFeO2 must react at a larger rate with the
products formed from the reaction of ONOO- with CO2 than
with peroxynitrite.

Interestingly, our data showed that addition of CO2 had a
more prominent effect on the value of the rate constant of
the first step of the reaction between HbFeO2 and perox-
ynitrite. Indeed, in contrast to the experiments in the absence
of added CO2, the values of observed rate constants for the
first step were always significantly larger than those of the
second step. At higher CO2 concentrations, the errors
associated with the values of the observed rate constants were
very large, because the values of the amplitudes decreased
with increasing CO2 concentrations.

pH Dependence of the Oxidation Rate of Oxyhemoglobin
by Peroxynitrite in the Presence of Carbon Dioxide.To get
a better understanding of the influence of CO2, we investi-
gated the reaction between peroxynitrite and HbFeO2 at pH
6.3, 7.4, and 8.0 in the presence of 1.2 mM CO2. As shown
in Figure 8, at all three pH values studied the observed rate
constants linearly increased with increasing peroxynitrite
concentration. Interestingly, we did not observe a clear
dependence on the pH, either for the pseudo-first-order or

FIGURE 6: Rapid-scan UV/vis spectra of the reaction between
HbFeO2 (36 µM) and peroxynitrite (360µM) in the presence of
CO2 (1.2 mM), in 0.05 M phosphate buffer at pH 7.4 and 20°C.
The traces depicted were recorded in (A) 0, 4, 8, 12, and 16 ms
after mixing, and in (B) 72, 108, 144, 180, and 252 ms after mixing.
In (A), the spectrum of HbFeO2 is shown in bold. In (B), the final
spectrum is shown in bold.

FIGURE 7: Percentage of the different Hb forms present during the
reaction of HbFeO2 (36 µM) with peroxynitrite (360µM)) in the
presence of CO2 (1.2 mM), in 0.05 M phosphate buffer at pH 7.4
and 20°C. The relative concentrations of the three Hb forms were
determined by fitting the spectra shown in Figure 6 with a linear
combination of the spectra of pure HbFeO2, HbFeIVdO, and metHb.
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for the second-order rate constants. For the first reaction step,
the reaction proceeded at a similar rate at pH 6.3 and 8.0,
but was significantly faster at pH 7.4 (Figure 8A). In contrast,
for the second step the values of the pseudo-first-order and
the second-order rate constants were larger at pH 6.3 than
at pH 7.4 (Figure 8B). At pH 8.0, the value of the second-
order rate constant was even smaller. In general, at all pH
studied the second-order rate constants for both reaction steps
in the presence of 1.2 mM CO2 were significantly larger than
those determined in the absence of CO2 (Table 1). Interest-
ingly, Mb and Hb do not show an analogous pH dependence
of the second-order rate constants in the presence of 1.2 mM
CO2. Indeed, the second-order rate constants for the first step
of the reaction between MbFeO2 and peroxynitrite (in the
presence of 1.2 mM CO2) continuously increase with
increasing pH, whereas no clear pH dependence was found
for the second reaction step (13).

The half-life of peroxynitrite in the presence of 1.2 mM
CO2 (at pH 7.4 and 20°C, t1/2 ≈ 28 ms) is significantly
shorter than in its absence (at pH 7.4 and 20°C, t1/2 ≈ 3 s).
Thus, the second step of the reaction between HbFeO2 and
peroxynitrite in the presence of CO2 must consist of the
reduction of HbFeIVdO to metHb by products derived from

the decay of ONOOCO2-, possibly NO2
•. We have previ-

ously shown that HbFeIVdO is rapidly reduced by NO2• to
metHb and nitrate (31). As shown in Figure 8, at pH 7.4
and in the presence of 1.2 mM CO2 the observed rate
constants of the reaction of peroxynitrite with separately
prepared HbFeIVdO were considerably larger than those
obtained for the second step of the reaction with HbFeO2.
This result can be explained by the observation that when
HbFeIVdO is mixed with peroxynitrite higher amounts of
NO2

• will be available for reaction. In contrast, when HbFeO2

is mixed with peroxynitrite in the presence of added CO2,
HbFeIVdO first has to be generated and in this time a large
fraction of NO2

• will have been consumed through other
reactions. Among others, NO2• oxidizes HbFeO2 (see below)
and may react with tyrosine, tryptophan, and cysteine
residues (32). Interestingly, this result is again in contrast to
what was observed for the corresponding reaction with
MbFeO2, for which essentially identical second-order rate
constants were measured for the reaction of peroxynitrite
with MbFeIVdO and for the second step of the reaction with
MbFeO2 (13).

The first step of the reaction between HbFeO2 and
peroxynitrite was studied at pH 6.3, 7.4, and 8.0 also in the
presence of 2.4 mM CO2 (Figure S2, Supporting Informa-
tion). Under these conditions, the values of the pseudo-first-
order and the second-order rate constants were all higher
than those obtained in the presence of 1.2 mM CO2 (Table
1). However, the same pH dependence was observed for the
values of the second-order rate constants, which followed
the order pH 6.3< pH 7.4 > pH 8.0.

Amount of Peroxynitrite Required to Completely ConVert
HbFeO2 or HbFeIVdO to metHb, in the Absence and
Presence of CO2. Because the reaction of peroxynitrite with
HbFeO2 is not very fast, under the conditions of our
experiments, the parallel decay of peroxynitrite also takes
place. Therefore, in most cases more than 2 equiv of
peroxynitrite were required to completely oxidize HbFeO2

to metHb. As summarized in Table 2, UV/vis spectroscopic
studies showed that when HbFeO2 (8 µM) was titrated with
subsequent additions of 1 equiv of peroxynitrite (procedure
1), 4 equiv were required to completely oxidize HbFeO2 in
the absence of added CO2. Interestingly, the absorbance
maximum of the last spectrum, which remained unchanged
upon addition of further equivalents of peroxynitrite, was
always at 407 nm instead of 405 nm, as expected for metHb
(21). This observation suggests that during the reaction with
excess peroxynitrite the protein may be partly modified.

FIGURE 8: Plots ofkobs versus peroxynitrite concentration for the
two steps (A) HbFeO2 f HbFeIVdO and (B) HbFeIVdO f metHb
of the peroxynitrite-mediated oxidation of HbFeO2 (4 µM) in the
presence of 1.2 mM CO2 (in 0.05 M phosphate buffer at 20°C).
Comparison with the data obtained from the reaction of separately
prepared HbFeIVdO and peroxynitrite under the same conditions.
The second-order rate constants resulting from the linear fits
depicted are summarized in Table 1.

Table 2: Number of Equivalents of Peroxynitrite Required to
Completely Oxidize HbFeO2 under Different Conditions

[HbFeO2] ) 8 µM [HbFeO2] ) 39 µMaddition
procedure no CO2 1.2 mM CO2 no CO2 1.2 mM CO2

1a 4 7 4 decb

1-NEMa,c 5 8 5 7
2d 6 12 5 decb

2-NEMc,d 5 10 4 >11
3e 6 7 5 10

a Peroxynitrite was added 1 equiv at a time.b The protein decom-
posed before the reaction was complete.c Experiments were carried
out with NEM-HbFeO2. d Peroxynitrite was added as a bolus from a
concentrated solution.e Equal volumes of a peroxynitrite and a HbFeO2

solution were mixed with the OLIS stopped-flow instrument.
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Approximately the same number of equivalents of per-
oxynitrite was needed when a more concentrated protein
solution was used (39µM) for a similar experiment. In this
case, the last spectrum corresponded to that expected for
essentially quantitative formation of metHb.

To find out whether the method used to add peroxynitrite
had an influence on the amount required to completely
convert HbFeO2 to metHb, we carried out further experi-
ments in which we added peroxynitrite as a bolus either from
a concentrated solution (procedure 2) or by mixing equal
volumes of the solutions with the OLIS stopped-flow
instrument (procedure 3). In both cases, approximately 6
equiv of peroxynitrite were required to completely oxidize
the diluted (8µM) HbFeO2 solutions, whereas only 5 equiv
were needed for the 39µM HbFeO2 solution. Taken together,
these results suggest that the mixing procedure does not
influence considerably the outcome of the reaction between
HbFeO2 and peroxynitrite. A slightly larger excess of
peroxynitrite is required to completely oxidize HbFeO2 when
it is added as a bolus, since in this case larger quantities of
peroxynitrite decay without interacting with the protein.
Alternatively, when peroxynitrite is titrated in the protein
solution the slow reaction between nitrite (always present
as an impurity in the peroxynitrite solution) and HbFeO2 may
contribute to metHb formation, apparently lowering the
number of equivalents of peroxynitrite needed to completely
oxidize HbFeO2.

It has been shown that the reactive Cys residuesâ93 also
react with peroxynitrite when it is mixed with HbFeO2 (33).
Thus, we carried out a similar set of experiments with NEM-
HbFeO2 (the protein form in which the Cysâ93 residues were
blocked with NEM), to find out whether this concurring
reaction was responsible for the large excess of peroxynitrite
needed to completely oxidize HbFeO2. As summarized in
Table 2, no significant difference was observed among the
reactions of peroxynitrite with HbFeO2 and with NEM-
HbFeO2.

Because of the faster decay of peroxynitrite, in the
presence of 1.2 mM CO2 larger quantities of peroxynitrite
were required to completely oxidize HbFeO2, independently
of the protein concentration and the addition procedure used
(Table 2). Interestingly, for the experiments with high protein
concentrations it was not possible to follow the reaction by
UV/vis spectroscopy because the protein was apparently
modified before complete conversion of HbFeO2 to metHb.
The spectrum of the decomposed protein lacked of the
characteristic maxima for metHb at 500 and 631 nm and
showed a general increase in the absorbance between these
two wavelengths. Analogous reaction with NEM-HbFeO2

suggested that the Cysâ93 residues were involved in this
decomposition process. Indeed, addition of 7 equiv of
peroxynitrite in aliquots of 1 equiv each to NEM-HbFeO2

led to the formation of metHb without significant modifica-
tion of the protein.

The amount of peroxynitrite needed to quantitatively
reduce HbFeIVdO to metHb was determined analogously by
mixing equal volumes of the solutions with the OLIS
stopped-flow instrument (procedure 3). When a HbFeIVdO
solution (8µM) was treated with an excess of peroxynitrite,
the reaction was complete approximately after addition of 3
and 4 equiv, for the reaction in the absence and in the
presence of CO2, respectively. Taken together, these results

show that under our experimental conditions, because of the
parallel decay of peroxynitrite and the reaction with Cysâ93,
both the peroxynitrite-mediated oxidation of HbFeO2 to
metHb and the reduction of HbFeIVdO to metHb are not
stoichiometric processes.

Analysis of the Nitrogen-Containing Products Obtained
From the Reaction of HbFeO2 with Peroxynitrite in the
Absence and in the Presence of Carbon Dioxide.The
products of the reaction of HbFeO2 with an excess of
peroxynitrite were analyzed by ion chromatography. The
reactions were carried out with a large excess of peroxy-
nitrite, to make sure that HbFeO2 was oxidized quantitatively
to metHb. Indeed, unreacted HbFeO2 and HbFeIVdO would
lead to artifactual production of nitrate from their reaction
of nitrite (present as an impurity in the peroxynitrite
solutions) (6, 17, 18). These processes are significantly
slower than the corresponding reactions with peroxynitrite,
and thus do not take place under the experimental conditions
chosen here.

In agreement with previous reports (34), in the absence
of added CO2 spontaneous decay of 100µM peroxynitrite
at pH 7.0 and 20°C yielded 67( 2% nitrate and 34( 3%
nitrite. In the presence of 5 or 10µM HbFeO2, the nitrate
yields were 82( 2 and 84( 3%, respectively. The amount
of nitrite found after these reactions was 15( 4 and 12(
5%, respectively.

As expected, in the presence of 1.2 mM CO2 the yield of
nitrate formed from spontaneous decay of 100µM perox-
ynitrite was significantly larger. At pH 7.0 and 20°C, we
obtained 85( 3% nitrate and 17( 2% nitrite. In the
presence of 5 or 10µM HbFeO2, the nitrate yields were 90
( 3 and 95( 2%, respectively. The amount of nitrite found
after these reactions was 9( 3 and 4( 2%, respectively.

Taken together, these product analysis data suggest that
the reaction between HbFeO2 and peroxynitrite, both in the
presence and absence of CO2, does not lead to formation of
nitrite. Thus, in contrast to our initial proposal (12), these
data indicate that HbFeIVdO cannot be generated by decay
of HbFeIIOONO to HbFeIVdO and NO2

-.

Pulse Radiolysis Studies of the Reaction of HbFeO2 with
Nitrogen Dioxide.The reaction of HbFeO2 with NO2

• was
studied by pulse radiolysis of a N2O-saturated nitrite solution.
Because HbFeO2 reacts with nitrite, albeit at a slow rate (17,
18), the N2O-saturated HbFeO2 and NO2

- solutions were
mixed in the cell only a few seconds before radiolysis.
Preliminary experiments were carried out by following the
reaction at 541, 576, and/or 600 nm both in the presence of
an excess of NO2• or of HbFeO2. The amplitudes of the traces
suggested that the reaction of HbFeO2 with an excess of NO2•

leads to the formation of metHb, whereas the reaction of
HbFeO2 with substoichiometric amounts of NO2

• yields
mostly HbFeIVdO (data not shown). To confirm these results,
we measured a difference spectrum 10 ms after allowing 41
µM HbFeO2 to react with 5µM NO2

•. As shown in Figure
9A, the measured spectrum corresponded to that expected
after conversion of approximately 5µM HbFeO2 to ca. 4
µM HbFeIVdO and 1 µM metHb. Reaction of 41µM
HbFeO2 with 10 µM NO2

• led to the formation of ca. 6µM
HbFeIVdO and 4 µM metHb (Figure 3S, Supporting
Information). In contrast, when HbFeO2 (12 µM) was
allowed to react with an excess of NO2

• (67µM) the spectrum
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measured after 10 ms showed the conversion of ca. 10µM
HbFeO2 to metHb (Figure 9B).

The reaction of MbFeO2 with NO2
• to yield metMb has

previously been suggested to proceed via reaction of MbFeO2

with nitrite, rapidly produced from the hydrolysis of N2O4

(35). However, Wade and Castro (35) carried out the reaction
by adding gaseous NO2• to an aerobic MbFeO2 solution and
followed the reaction with a UV/vis spectrometer by measur-
ing spectra each min. Obviously, under these experimental
conditions the authors could not observe the very fast reaction
described in this pulse radiolysis study.

DISCUSSION

It is now established that in the presence of CO2 the
reaction of peroxynitrite with different substrates mainly
involves their modification by CO3•- and/or NO2

•, the
radicals generated from the decay of ONOOCO2

-, the adduct
formed from the reaction of ONOO- with CO2 (36-38).
The data presented in this paper suggest that in the presence
of 1.2 mM CO2 also the peroxynitrite-mediated oxidation
of HbFeO2 to metHb is dominated by reactions of the protein
with CO3

•- and NO2
•. The stopped-flow spectroscopic studies

presented here clearly show that HbFeIVdO is produced up
to 40% when HbFeO2 is mixed with an excess of peroxy-
nitrite in the presence of 1.2 mM CO2. The pulse radiolysis
study of the reaction of NO2• with HbFeO2 are consistent
with this reaction being the main source of HbFeIVdO
formation. We have recently shown that, in analogy to the
nearly diffusion-controlled reaction of superoxide and NO•

(2), the reaction of HbFeO2 with NO• generates a peroxy-

nitrito-metHb complex (HbFeIIIOONO), possibly via the fast
radical-radical reaction between the superoxide coordinated
to the Fe(III ) (FeIIO2 T FeIIIO2

•-) and NO• (31, 39). The
reaction of HbFeO2 with NO2

• seems to proceed according
to a similar mechanism: the superoxide coordinated to the
Fe(III ) reacts with NO2

• to generate a peroxynitrato-metHb
complex (HbFeIIIOONO2) (eq 3). Interestingly, a similar
peroxynitrato complex has recently been shown to be
generated from the reaction of NO2

• with a superoxochro-
mium(III ) complex, [Craq

IIIOO]2+ (40).

Peroxynitrate (HOONO2) is a potent oxidizing agent,
which has been shown to rapidly react with I-, Br-, Cl-,
N3

-, and VO2+ (41). Thus, one possible decomposition
pathway for HbFeIIIOONO2 represents the formation of NO3

•

and HbFeIVdO (eq 4a). NO3
• is a very strong oxidant that

could then react with amino acid residues of the globin and
form nitrate, in agreement with our results of the analyses
of the nitrogen-containing species. However, the calculated
bond dissociation energy for O-O bond homolysis in
HOONO2 is very high (39 kcal/mol (42)), an observation
that renders this pathway rather unlikely. Moreover, at pH
7 the one-electron reduction potential of HOONO2 to yield
NO3

• and H2O is only 0.74 V (43), whereas the reduction
potential of HbFeIVdO is ca. 1 V (44). In contrast, the two-
electron reduction potential of HOONO2 to yield NO3

- and
H2O at pH 7 is 1.59 V (43). Taken together, these data
suggest that a more likely decomposition pathway for
HbFeIIIOONO2 may lead to the direct formation of NO3-

and a one-electron oxidized form of HbFeIVdO (eq 4b).
•HbFeIVdO may correspond to the same product observed
from the two-electron oxidation of metHb by H2O2, that is
the ferryl form of the protein with a radical centered on a
sulfur and/or an oxygen atom (45-47). This reaction has
also been suggested to proceed via an Fe(III)-peroxide
complex. The optical features of•HbFeIVdO are indistin-
guishable from those of HbFeIVdO. Moreover, the formation
of cysteine and tyrosine radicals from reaction between
HbFeO2 and peroxynitrite has previously been demonstrated
by EPR spectroscopy, both in the presence and absence of
CO2 (33, 48).

In the presence of an excess of peroxynitrite (or NO2
•)

HbFeIVdO is reduced to metHb (eq 5) and nitrate, as
demonstrated previously (31) and as clearly shown by the
difference spectrum obtained after reaction of HbFeO2 with
a large excess of NO2• (Figure 9B). Thus, both reaction steps
lead to the formation of nitrate, in agreement with our results
of the analyses of the nitrogen-containing species produced
from this reaction.

The results of the pulse radiolysis study of the reaction
between NO2• and an excess of HbFeO2 suggest that the
second-order rate constant for the second reaction step (eq

FIGURE 9: Difference spectra (thin lines) measured 10 ms after
irradiating N2O-saturated HbFeO2 solutions containing 5 mM nitrite
(in 0.1 M phosphate buffer pH 7.4). The concentrations of HbFeO2
and NO2

• were (A) 41 and 5µM and (B) 12 and 67µM,
respectively. Calculated difference spectra (dotted bold line)
corresponding to the conversion of (A) 5µM HbFeO2 to ca. 4µM
HbFeIVdO and 1µM metHb and of (B) 10µM HbFeO2 to 10µM
metHb.

HbFeO2 T HbFeIIIO2
•- + NO2

• f HbFeIIIOONO2 (3)

HbFeIIIOONO2 f HbFeIVdO + NO3
• (4a)

HbFeIIIOONO2 f •HbFeIVdO + NO3
- (4b)

HbFeIVdO + NO2
• f metHb+ NO3

- (5)
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5) is larger than that for the first step (eq 3). Indeed, from
the fit of the resulting difference spectrum it is clear that
the final product is not pure HbFeIVdO, but a mixture of
HbFeIVdO and metHb.

In a recent pulse radiolysis study, we have shown that
CO3

•- oxidizes HbFeO2 to metHb in a two-step reaction (49).
First CO3

•- generates radical(s) in the globin which then,
over a longer time scale, oxidize the iron center to finally
produce∼40% of metHb. The rate constants obtained for
the two steps in 0.25 M sodium bicarbonate solutions at pH
10.0 and room temperature are (2.1( 0.1) × 108 M-1 s-1

and (1.0( 0.2)× 102 s-1, respectively. At lower pH, reaction
of CO3

•- with the globin may proceed with a rate constant
1 order of magnitude lower, as observed for the reactions of
CO3

•- with Tyr and Cys (32). If a Trp residue is involved in
the reaction of Hb with CO3•-, the rate at pH 7.5 would be
comparable to that at pH 10 (50). Finally, the rate of the
second step, the electron transfer reaction that leads to
oxidation of the iron center of Hb, may also be slightly
slower, as observed for intramolecular electron-transfer
reaction between Trp radicals and Tyr (51). Taken together,
it is conceivable that the reaction of CO3

•- with HbFeO2

also contributes to metHb formation when an excess of
peroxynitrite is mixed with HbFeO2 in the presence of CO2
(eq 6).

Interestingly, we have recently reported that to be able to
simulate the results of the reaction of an excess of peroxy-
nitrite with MbFeO2 in the presence of CO2, the analogous
reaction between MbFeO2 and CO3

•- had to be introduced
to reproduce the quantitative metMb formation obtained
experimentally (13). In conclusion, our results suggest that
in the presence of CO2, the peroxynitrite-mediated oxidation
of HbFeO2 to metHb proceeds according to eqs 3-6.

The proposed mechanism may explain the lack of a clear
pH dependence of the observed and the second-order rate
constants of the two steps of the reaction of HbFeO2 with
peroxynitrite in the presence of added CO2. Indeed, several
factors may influence this reaction rate in opposite ways.
At lower pH, it has been shown that the distal histidine is
protonated and swings out of the heme pocket (52). Thus,
the reaction of NO2• with the iron center in HbFeO2 may be
facilitated. However, at lower pH the concentration of the
anion ONOO-, the species that reacts with CO2, is lower.
Under basic conditions, larger amounts of peroxynitrite will
decay through the reaction with CO2, produce larger amounts
of NO2

•, and thus one would expect that the reaction becomes
faster. However, when larger amounts of NO2

• are generated,
the concurring dimerization of NO2• to N2O4 with subsequent
rapid hydrolysis to nitrite and nitrate may become more
significant. Thus, the observed reaction rate does not increase
with increasing pH.

The reaction of peroxynitrite with HbFeO2 in the absence
of added CO2 has recently been studied under experimental
conditions close to those found in vivo, that is, in the
presence of a large excess of the protein (33). Also under
these conditions, the reaction has been shown to yield
stoichiometric amounts of nitrate and metHb, together with
ca. 50% oxygen and hydrogen peroxide (33). A small amount
of protein radicals were trapped (6%) and the reaction was

shown to produce ca. 15% HbFeIVdO (33). The reaction
was proposed to proceed according to eqs 7-8, by substitu-
tion of O2

•- by peroxynitrite, formation of the peroxynitrito
complex HbFeIIIOONO, and subsequent decay to 90%
metHb/NO3

- and 10% HbFeIVdO/NO2
•.

However, we have previously demonstrated that the
peroxynitrito complex HbFeIIIOONO, produced from the
reaction of HbFeO2 with NO•, quantitatively decays to metHb
and nitrate, without formation of detectable intermediates
(31, 39). Treatment of HbFeO2 with 1 equiv of NO• in the
presence of a large excess of Na2S did not lead to detectable
amounts of Fe(II)sulfohemoglobin (27), suggesting that
HbFeIVdO is not formed in this process (data not shown).

In analogy to the reaction of HbFeO2 with peroxynitrite/
CO2, we propose that also in the absence of added CO2

HbFeIVdO is generated from the reaction of NO2
• with

HbFeO2. Peroxynitrous acid is a strong oxidant with a one-
electron reduction potential of ca. 1.6 V at pH 7 (53, 54).
Thus, HOONO may oxidize HbFeO2 and produce metHb,
O2, and NO2

• (eq 9). As discussed above, NO2
• then reacts

with HbFeO2 to generate HbFeIVdO (eqs 3 and 4b). In the
presence of an excess of peroxynitrite, NO2

• reacts with
HbFeIVdO to metHb and nitrate (eq 5). Thus, the overall
reaction of HbFeO2 with peroxynitrite may proceed according
to eqs 3-5 and 9. Nevertheless, more studies are needed,
and are in progress in our laboratory, to elucidate the exact
mechanism of the reaction between HbFeO2 and peroxynitrite
in the absence of added CO2.

Finally, the reaction of deoxyHb with peroxynitrite is likely
to proceed as previously proposed for the corresponding
reaction with deoxyMb, via the formation of HbFeIIOONO,
which then decays to HbFeIVdO and nitrite (eqs 10 and 11).
In the second step, HbFeIVdO is converted to metHb and
nitrate by reaction with NO2• (eqs 5).

The mechanism proposed here for the reaction of peroxy-
nitrite with HbFeO2 is consistent with the pH dependence
of the observed and the second-order rate constants obtained
experimentally. The increase in the rate at lower pH confirms
that HOONO is the species that reacts with HbFeO2.

The observation that a larger number of equivalents is
required to completely oxidize HbFeO2 to metHb in the
presence of added CO2 reflects the higher HbFeIVdO yield
obtained under these conditions. Indeed, if more
HbFeIVdO is formed, a larger amount of NO2

•, and thus of
peroxynitrite, will be required to convert it to metHb and

HbFeO2 + CO3
•-f metHb+ CO3

2- + O2 (6)

HbFeO2 T HbFeIIIO2
•- + HOONOf

HbFeIIIOONO+ O2
•- + H+ (7)

HbFeIVdO + NO2
• 79

∼10%
HbFeIIIOONO98

∼90%

metHb+ NO3
- (8)

HbFeO2 T HbFeO2
•- + HOONO+ H+ f

HbFeIIIOH2 + NO2
• + O2 (9)

HbFeII + HOONOf HbFeIIOONO+ H+ (10)

HbFeIIOONOf HbFeIVdO + NO2
- (11)
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nitrate. Moreover, formation of HbFeIVdO is accompanied
by generation of a radical on the globin only in the presence
of CO2. Thus, these mechanisms are consistent with a
significantly larger extent of decomposition of the protein
observed in the presence of added CO2. The radical generated
on the globin may be partly localized on a tyrosine residue.
Thus, NO2

• may not only react with HbFeIVdO but also
recombine with this Tyr• to produce nitrotyrosine. Conse-
quently, the mechanism proposed here is in good agreement
with our recent results that show that HbFeO2 is nitrated by
peroxynitrite to a significantly larger extent in the presence
of added CO2 (55). Finally, the experiments with the Cysâ93-
blocked NEM-HbFeO2 suggest that also this residue is
modified upon reaction of the protein with peroxynitrite. This
result is in agreement with the EPR spectroscopic studies of
the reaction of HbFeO2 with peroxynitrite in the absence of
CO2 (33), which showed the formation of cysteinyl-derived
radicals.

In conclusion, we have shown that HbFeO2 reacts rapidly
with peroxynitrite in the presence and in the absence of CO2.
The reactions proceed via the formation of HbFeIVdO, which
in the second step is reduced to metHb by its reaction with
NO2

•. In the presence of physiological relevant amounts of
CO2, HbFeIVdO is generated by reaction of NO2

• with the
coordinated superoxide of HbFeO2, via formation of a
peroxynitrato-metHb complex. Moreover, oxyHb efficiently
scavenges CO3•-, in a reaction that finally also leads to
metHb production. Thus, our results indicate that oxyHb not
only scavenges peroxynitrite, but also the radicals produced
by its decomposition.
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SUPPORTING INFORMATION AVAILABLE

Observed rate constants for the two steps of the reaction
between peroxynitrite and HbFeO2 in the presence of
different CO2 concentrations (Figure S1). Plot ofkobs versus
peroxynitrite concentration for the first step of the peroxy-
nitrite-mediated oxidation of HbFeO2 (4 µM) in the presence
of 2.4 mM CO2 and at different pH values (Figure S2).
Difference spectrum measured 10 ms after reaction of a 41
µM HbFeO2 with 10 µM NO2

• (in 0.1 M N2O-saturated
phosphate buffer pH 7.4 containing 10 mM nitrite) (Figure
S3). This material is available free of charge via the Internet
at http://pubs.acs.org.
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