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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 48 ~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 absencg pf@®eds

via the formation of oxoirony)hemoglobin (ferrylHb), which in a second step is reduced to metHb and
nitrate by its reaction with N@. In the presence of physiological relevant amounts of,G&ryIHb is
generated by the reaction of NQuvith the coordinated superoxide of oxyHb (HWF®,*~). This reaction
proceeds via formation of a peroxynitratmetHb complex (HoFEOONG,), which decomposes to generate

the one-electron oxidized form of ferrylHb, the oxoira)(form of hemoglobin with a radical localized

on the globin. C@~, the second radical formed from the reaction of peroxynitrite with,,G® 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! a biological relevant oxidizing and nitrating  ligands bound to the sixth coordination site. Their iron(lIl)
species, is produced by the nearly diffusion-limited reaction forms, metMb and metHb, catalyze the isomerization of
between nitrogen monoxide (NOand superoxide (£°) peroxynitrite to nitrate, albeit not very efficiently (at pH 7.0
radicals (, 2). Hemoproteins are among the targets that are and 20°C, keat = (2.9 4+ 0.1) x 10* and (1.2+ 0.1) x 10
modified by peroxynitrite in vivo. These proteins can be M~!s™1, respectively) §). The reduced nitrosyl form of Hb
oxidized by peroxynitrite ¥—5) or can catalyze its isomer-  (HbFe'NO) is oxidized by peroxynitrite to the corresponding
ization to nitrate §, 7). Moreover, in some cases hemopro- iron(lll) nitrosyl from (HbFeé'NO) (11). The second-order
teins have been shown to catalyze the peroxynitrite-mediatedrate constants for this process are (6:10.3) x 10° and
nitration of externally added tyrosine and/or of their own (5.3+0.2) x 10* M~*s™%, in the absence and in the presence
tyrosine residues5( 8). The high concentration in which  of 1.2 mM CQ, respectively 11).

hemoproteins are found in some tissues and/or the large oy b is oxidized to metMb by an excess of peroxynitrite
values of the second-order rate constants for their reactions, 5 two-step mechanism (eqs 1 and 2). First, oxyMb is

with peroxynitrite lead to in vivo rates comparable to that .i4ized to MbE&=0 [(5.4+ 0.2) x 10 M~ s! at pH

of the reaction of peroxynitrite with COa key compound 7 3 4n4 20°C], which then is reduced by peroxynitrite to

that strongly influences peroxynitrite reactivity in biological  ,otmb [(2.24 0.1) x 10 M2 st at pH 7.3 and 20C]

systems. The reaction between peroxynitrite anion ang CO (12). In the presence of 1.2 mM GOthe overall reaction
-1g1 o -1 o1 ° . .

[6 x 1(.)4 Mf. S Iat ff O ?]ndl.:;’x.lm Mf s at 2.0. C. mechanism is the same but the value of the second-order

(10] significantly shortens the lifetime of peroxynitrite in 46 constant for the first reaction step is significantly larger

biological systems and leads to the production of carbonate[(4 1+ 0.7)x 16 ML st at pH 7.5 and 20C] (13). In

radicals [CQ, systematic name: trioxidocarbonai-{] contrast, the value of the second-order rate constant for the

and nitrogen dioxide (N©). : _ : .
Myoglobin (MbY and hemoglobin (Hb) have been shown ;(:adougt)uln g&MI\kA)E?S,? ;;)gr_'egMg ;snzngloscl:l]gr(]ilg)larger (3.2
to react with peroxynitrite according to a variety of different ' ' '

mechanisms, depending on their oxidation state and on the MbFeQ, + HOONO/ONOO — MbEdY=0 + . 1)
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(41) (1) 632 10 90. Tel: (41)(1) 632 28 58. Peroxynitrite has been shown to be able to cross eryth-
!The recommended IUPAC nomenclature for peroxynitrite is rocyte membranes by simple diffusion of the protonated form

oxoperoxonitrate(1-); for peroxynitrous acid, hydrogen oxoperoxoni- o via an anion-channel dependent mechanism (for ONOO
trate. The term peroxynitrite is used in the text to refer generically to

both oxoperoxonitrate(1-) (ONOQ and its conjugate acid, hydrogen (14 15). Thus, oxyHb is also an important target for
oxoperoxonitrate (ONOOH). peroxynitrite produced in the intravascular compartment. In
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this article, we present a detailed kinetic and mechanistic by allowing HbFeQ@ (~2 mM in 0.1 M phosphate buffer
study of the reaction of peroxynitrite with deoxyHb and pH 7.2) to react with a 10-fold excess of NEM for 1 h. The
oxyHb, both in the presence and absence of addegd CO solution was then purified by chromatography over a
Moreover, to support our new mechanistic hypothesis that Sephadex G-25 column by using a 0.1 M phosphate buffer
attributes to N@ an important role for the production of  solution (pH 7.0) as the eluent. The efficiency of the blocking
the observed ferryl intermediate (HB¥e0), we also present  procedure was controlled by analyzing the free 9%
pulse radiolysis studies of the reaction between oxyHb and content with 4,4dithiopyridine (4-PDS) %22, 23). The

NO;. concentration of the NEM-blocked HbFe@olution was
determined by using the values of the extinction coefficients
EXPERIMENTAL PROCEDURES of the absorbance maxima of unmodified mett24)(

Stopped-Flow Experiment3.he protein solutions were
prepared by diluting the HbFe@nd the HbF&=0O 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 (0-40.7 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-24 ms. All measurements were
carried out at 20C.

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-

ReagentsBuffer solutions were prepared fromMP O/
KH,PO, (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,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 k@nd gaseous nitrogen
monoxide according to the literaturég) 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 HbFeQ or HbFéV=0 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 atstants, the traces were mostly collected at 586 and 609 nm.

302 nm fzo2 = 1_705 M cm ' (19)]'_ For the kinetic studies of the reactions in the presence of
For the experiments carried out in the absenge of addedco2 carried out with the SX18MV-R Applied Photophysics
CO,, the buffers and the 0.01 M NaOH solutions were jnsirument, it was essential to insert a cutoff filter (550 nm)
prepared fresh daily and thoroughly degassed. Experiments, ayoid the interference of stray light due to second-order
in the presence of COwere carried out by adding the  effects of the strong absorbance band of peroxynitiitgs
required amount of a freshly prepared 0.5 M sodium — 302 nm). Indeed, in the absence of the filter the traces
bicarbonate solution to the protein solutions as described ineasured at 609 nm showed the expected increase in
detail in ref13 The values for the constant of the hydration  psorhance, followed by a decrease with an amplitude mostly
dehydration equilibrium CO+ H,0 = H" + HCO;” were  |5rger than that of the first process. Variation of pH, protein,
taken from ref20, by taking in consideration the ionic  anq peroxynitrite concentrations showed that the observed

strength of the solutions. After addition of GOr bicarbon-  jecrease in absorbance corresponded to the second-order
ate, the protein solutions were allowed to equilibrate at room gpsorpance of the 302 nm band of peroxynitrite. In the
temperature for at least 5 min. presence of the filter, the traces measured at 609 nm
A purified human oxyhemoglobin (HbFestock solution  displayed only the expected increase in absorbance.

(57 mg/mL solution of HbAO with approximately 1.1% In all cases, the results of the fits of the traces (averages
metHb, no apoHb, and free of catalase) was a kind gift from of at least 10 single traces) from at least five experiments
APEX Bioscience, Inc. MetHb and HbFe=O (ferrylHb) were averaged to obtain each observed rate constant, given
solutions were prepared as described elsewtrédeoxy-  with the corresponding standard error. Care was taken that

hemoglobin was prepared by thoroughly degassing a HbFeO the absolute absorbance of the reaction mixture was not
solution. The concentrations of the solutions containing the higher than one absorbance unit.
different hemoglobin forms were determined spectrophoto-  For the studies of the reaction between deoxyHb and
metrically €1). Cysteing93-blocked HbFe@was prepared  peroxynitrite, the cooling water of the OLIS stopped-flow
instrument was degassed, and the syringes and the lines of
2 Abbreviations: EPR, electron paramagnetic resonance; Hb, he- the instrument were filled with a concentrated sodium
rr:og_lob}ijlt;) FI-(LEJF%Q oxyheTC;globin I(OéyHP); TSEHE/ibirom()helmg- dithionite solution, which was allowed to react with the
glonin; =0, oxoiron(v)nhemogionin, terry ) , myogiobin; H H i H
MbFeO, oxymyoglobin (oxyMb); metMb, _irong)myoglobin: gx¥gentﬁresent in thethn?ﬁ fo;seve(;a]llm|nlgtes. Immedlatﬁ-h:]I
MbFeV=0, oxoiron(v)myoglobin, ferrylMb; HoF&, deoxyhemoglo- erore the experiments, the stopped-tiow [ines were washe
bin; NEM, N-ethylmaleimide. with several milliliters of degassed buffer. The two thor-




Peroxynitrite-Mediated Oxidation of Oxyhemoglobin Biochemistry, Vol. 43, No. 51, 2004.6395

oughly degassed solutions of deoxyHb and peroxynitrite were 1:10 with water and analyzed within ca. 5 min. At least two
transferred in two gastight Hamilton SampleLock syringes. analyses of three separate experiments were carried out for
Before inserting the syringes in the corresponding connec-each protein. The results are given as mean values plus or
tions of the instrument, we filled these connections with water minus the corresponding standard deviation. The contamina-
and degassed them for several minutes by using a thin needletion of nitrite and nitrate in peroxynitrite was determined as
The insertion of the syringes was then performed as fast asreported recently25). Usual nitrite and nitrate contamina-
possible by contemporaneously removing the needles. A fewtions were in the range 260 and 6-10% of the peroxy-
milliliters of the solutions were used to wash again the lines, nitrite concentration, respectively.
and finally several shots were collected as fast as possible. pulse RadiolysiPulse radiolysis experiments were carried
With all these precautions, essentially no Hbke@s formed  out with a Febetron 705 (Titan Systems Corp, San Leandro,
prior to mixing deoxyHb with peroxynitrite. CA) 2 MeV accelerator as described previoushg)( The
Determination of the Amount of Peroxynitrite Required |ength of the cell was 1 cm. -saturated HbFeGolutions
to Completely Corert HoFeQ or HbFeV=0 to metHb.  of different concentrations were prepared by adding the
Absorption spectra were collected on an Analytik Jena required volume of a ca. 3 mM HbFe®tock solution to
Specord 200 spectrophotometer. The amount of peroxynitrite N,O-saturated 0.1 M phosphate buffer pH 7.4 directly in a
required to completely convert HbFeQ@o metHb was  gastight SampleLock Hamilton syringe. The 10 mMON
determined in 0.1 M phosphate buffer pH 7.4 in the absence saturated nitrite solution was prepared analogously from a
or presence of 1.2 mM COPeroxynitrite was either added 0.2 M nitrite stock solution. The HbFeCand the nitrite
as a bolus or titrated in the protein solution. In a typical solutions were then rapidly mixed before irradiating the cell
experiment, the HbFe{solution (2 mL ¢ a 8 or a 39uM (mixing time ca. 23 s). Under the conditions of our
solution) was placed in a sealable cell, Z@D0 uL of a experiments, radiolysis primarily yields hydroxyl radicals
peroxynitrite solution of variable concentrations was added, which rapidly and selectively react with nitrite to generate
and the cell was gently shaken. Finally, a spectrum was nitrogen dioxide. Radiation doses{340 Gy) were used to
recorded as fast as possible (in ca. 20 s) to avoid subsequengroduce between 2 and 781 NO_'.
reaction with the nitrite present as an impurity in the
peroxynitrite solution 13). If the reaction was not complete, RESULTS
an additional peroxynitrite aliquot was added immediately. ) ) ) )
The reaction was considered to be finished when addition  Rapid-Scan UViis Spectroscopic Studies of the Reaction
of peroxynitrite did not induce further changes in the Uy/ Between Oxyhemoglobin and Peroxynitrite in the Absence
vis spectrum. In the presence of 1.2 mM £0pon addition of Carbc_m_ D|0?<|de.PreI|m|nary _studles of the reactlon_of
of more than 5 equiv of peroxynitrite to the 38 HbFeQ, peroxynitrite with oxyhemoglobin (HbFefshowed that it _
solution the protein was found to degrade during the time Proceeds in two steps, analogously to the corresponding
required to measure the UV/vis spectra. Thus, the amountféaction with oxymyoglobini2). First, HbFeQis oxidized
of peroxynitrite required to completely convert HoRe@® by peroxynitrite to HbF'é=Q, which is subsequently
or 39 uM) to metHb was also determined by mixing equal reduced by peroxynitrite to yield the final product, m_etHb.
volumes of the two solutions with the OLIS stopped-flow Because the_ obS(_erved rate constants for the two reactlon_ steps
instrument (both in the absence and presence of addeld CO are nearly identical, Hb*é=0O does not accumulate in
The reaction was followed spectrophotometrically and the concentrations large enough to be det_ecte_d d|rectly. However,
last spectra were compared with that of pure metHb the presence of HbF/e=O as a reaction |ntermed|ate was
(collected under analogous conditions). Similar reactions confirmed by detecting FeJsulfohemoglobin when peroxy-
were carried out by mixing Hb®e=0 with peroxynitrite. ~ Nitrite was added to HbFeOn the presence of N& (12
Finally, to study whether the reaction of peroxynitrite with 27).
the reactive cysteine residug83 influenced the number of As depicted in Figure 1, rapid-scan UV/vis spectroscopic
equivalents required to completely oxidize HbEé®metHb, studies of the reaction of HbFeQOwith an excess of
we carried out analogous experiments also with NEM- peroxynitrite (at pH 7.4 and 20C) clearly indicated the
blocked HbFe@ All experiments were carried out at least presence of two distinct reaction steps, each with a set of
twice and the accuracy of the results is to be considered  isosbestic points corresponding to the transformations HpFeO
equivalent. — HbFeV=0 (475, 527, and 584 nm) and HBFeO —
Determination of Nitrite and NitrateProduct analysis was ~ metHb (468, 529, and 610 nm), respectively. To determine
carried out as described previouslg4( 25) by anion the relative concentration of the different Hb species during
chromatography with conductivity detection with a Metrohm  the course of the reaction, all the spectra shown in Figure 1
instrument (IC Separation Center 733, IC detector 732 and were fitted by using a linear combination of the spectra of
IC pump 709) equipped with an Anion SUPER-SEP pure HbFe@ HbFe'=0, and metHb. The results given in
(6.1009.000) column and an Anion SUPESEP (6.1009.010)  Figure 2 indicate that maximally 20% of HbFeO ac-
precolumn. Calibration curves were obtained by measuring cumulated after about 0.6 s, under the conditions of the
5—10 standard sodium nitrite and sodium nitrate solutions experiment depicted in Figure 1. At the end of the reaction
in 5 mM phosphate buffer. The samples were prepared by (after ca. 4 s), most HbFeQvas converted to metHb, but
mixing 500uL of HbFeQ; (5 or 10uM in 0.1 M phosphate approximately 5% of Hb were present in the ferryl form.
buffer pH 6.9 or in 0.1 M phosphate buffer pH 6.8 containing  pH Dependence of the Oxidation Rate of Oxyhemoglobin
22 mM sodium bicarbonate) at room temperature with 500 by Peroxynitrite in the Absence of Carbon Dioxide®. get
uL of an ice-cooled peroxynitrite solution (200 in 0.01 a better understanding of the mechanism of the reaction of
M NaOH) while vortexing. The reaction mixture was diluted HbFeQ with peroxynitrite, we studied the kinetics of this



16396 Biochemistry, Vol. 43, No. 51, 2004
I I I
0.6
8 04 “
g
[e]
8
< 02
0
500 550 600 650
Wavelength (nm)
I [
B
0.4 \L i/ -
]
o
2 02 -
<
0 | | T

|

550
Wavelength (nm)
Ficure 1: Rapid-scan UV/vis spectra of the reaction between
HbFeQ (42 uM) and peroxynitrite (294cM), in 0.05 M phosphate
buffer at pH 7.4 and 20C. 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
HbFeQ is shown in bold. In (B), the final spectrum is shown in
bold.
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Ficure 2: Percentage of the different Hb forms present during the
reaction of HbFe®@(42 uM) with peroxynitrite (294uM) in 0.05

M phosphate buffer pH 7.4 at 2. 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 HbfeO
HbFeV=0, and metHb.

reaction at pH 6.4, 7.4, and 8.0 (at 2C). 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 MbFe® (12), the two steps of the
reaction were studied separately. The first step (HbFeO
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Ficure 3: Plots ofkons Versus peroxynitrite concentration for the
two steps (A) HbFe@— HbFeV=0 and (B) HbF& =0 — metHb
of the peroxynitrite-mediated oxidation of HbFe@ «M) in 0.05
M phosphate buffer at 20C. In (B), comparison with the data
obtained from the reaction of separately prepared MsF@ with
peroxynitrite under the same conditions. The second-order rate
constants resulting from the linear fits depicted are summarized in
Table 1.

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 H5F© to
metHb, which under these conditions is a mixture of
HbFe"OH, and HbF& OH. 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
HbFeV=0 — metHb. Indeed, the spectra of HbFeénd
HbFeV=0 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

HbFeV=0) was followed at absorbance changes at 609 nm second-order rate constants decreased with increasing pH

(at pH 7.4,Aeg00 = 3.3 mMt cm™), close to one of the
isosbestic points of the spectra of H¥=eO and metHb.
The reaction of HbPé=0O to metHb (second step) was

(Table 1). The observed pH dependence suggests that
HOONO [K, = 6.8 (28)], or the products of its decomposi-
tion, are the species that react with HbkeBIternatively,

studied by following the absorbance changes at 586 nm (atthe larger second-order rate constant obtained at lower pH

pH 7.4,Aesgs= 4.3 MMt cm1), one of the isosbestic points
of the spectra of HbFefand HbF&=O. For both wave-

may be a consequence of conformational changes occurring
in the protein after protonation of histidine residues, in

lengths, time courses could be fitted to a single exponential particular, of the distal histidine. Interestingly, the same pH
expression (data not shown). Traces for the second reactiordependence was observed for the analogous reaction of
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Table 1: pH-Dependence of the Second-Order Rate Constants 15— ° Ve

(Mt s71) of the Two Steps of the Reaction between HbFe@d § HbFeO, — HbFel'=0

Peroxynitrite Obtained at 20C @é B HbFeV=0 — metHb
pH [COJ(mM) HbFeQ,— HbFe'=0 HbFe'=0— metHb —~ 10k n i
6.4 0 (9.6+ 0.3) x 10¢ (9+1) x 104 )

6.4 1.2 (1.7+ 0.4) x 10° (23+£0.2)x 10° 3 .

6.4 2.4 (2.6£ 0.2) x 10° n.dP <

7.4 0 (3.3 0.1) x 10/ (3.3+0.4)x 10* 5 7
7. 0 (3.8+ 0.2) x 10¢

7.4 1.2 (3.5 0.3) x 10° (1.1+0.1)x 10°

7.4 1.2 (2.5+0.2) x 10° o | 1 1 1
7.4 2.4 (6.1 0.7) x 10° n.dp

8.0 0 N (1.6+ 0.5)x 10' 0 5 10 15 20
8.0 1.2 (2.2£0.1) x 10F (5.2+ 0.6) x 10* [HbFeOy]

8.0 2.4 (5.1+03)x 10° n.dv FicurRe 4. Dependence on the protein concentration of the observed

pseudo-first-order rate constants for the two steps of the reaction
between peroxynitrite (250M) and HbFeQ (in 0.05 M phosphate
buffer pH 7.4 and 20C).

aReaction with separately prepared HFeO. ® Not determined.

peroxynitrite with MbFeQ (12).

At all pH studied, the values of the observed rate constants
for the first and the second steps of the reaction between
HbFeQ and peroxynitrite were always very similar. How-
ever, for the analogous reaction with MbFeibe value of
the first reaction step was always-3 times larger than that
of the second steplp).

To further support the assignment of the second step of
the peroxynitrite-mediated oxidation of HbFg@s the
reduction of HbFE=0O to metHb, we investigated the ,
kinetics of the reaction of separately prepared HHFE® 380 400 420 440 460
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 HoF&=0 with different peroxynitrite concentra-
tions are essentially identical to those of the second step of
the peroxynitrite-mediated oxidation of HbFe@hder identi-
cal conditions.

Dependence of the Rate Constants for the Peroxynitrite-
Mediated Oxidation of Oxyhemoglobin on the Protein
ConcentrationWe have previously reported values of (8.8
+ 0.4) x 10*and (9.4+ 0.7) x 10* M1 s for the second-
order rate constants for the first and the second steps of the
peroxynitrite-mediated oxidation of HbFe@t pH 7.0 and Time (s)

20°C, respectively 12). At first sight, these values are not FiGURe 5: (Top) Rapid-scan UV/vis spectra of the reaction between

consistent with thpse_ repO(ted in this work (Table 1). deoxyHb (2.5:M) and peroxynitrite (10gM) in 0.05 M phosphate
However, all the kinetic studies reported here were carried puffer at pH 7.4, 20C. The traces depicted were recorded 0, 0.1,

out with a protein concentration ofi/dM, whereas previous 0.2, 0.3, 0.4, 0.6, 0.8, 1, and 1.6 s after mixing. Spectra were
studies were carried out with 2M protein. As shown in collected each millisecond, but to improve the signal-to-noise ratio,

; +:each curve shown represents the average of 10 measured curves.
Figure 4, the observed rate constants of the peroxynitrite The spectra of deoxyHb and metHb are shown in bold (line), and

mediated oxidation of HbFeQincrease with decreasing  the spectrum recorded after 0.2 s is shown as a dotted boid line.
protein concentration. Interestingly, a similar trend was (Bottom) Kinetic trace at 416 nm.
previously observed for the analogous reaction between
peroxynitrite and MbFe®(13). deoxyHb (2.5uM) was mixed with thoroughly degassed
A possible explanation for these results is that the reaction peroxynitrite (L0QuM), the characteristic absorbance maxi-
of peroxynitrite with the dimeric form of the protein is faster mum of the Soret band of deoxyHb (430 nm) decreased
because in tetrameric HbFgQhe direct interaction of  whereas a new band appeared with a maximum at 405 nm
peroxynitrite with the heme center is partly hindered. As (metHb). At first sight, the reaction seemed to proceed
discussed in our previous workl3), aggregation of the  without the formation of intermediates. However, as shown
protein may also be responsible for the observed decreasdrom the trace extracted at 416 nm (Figure 5, below), also
of the rate of the reaction with higher concentrations of the reaction of deoxyHb with peroxynitrite first yields an
MbFeQ. intermediate, very likely HbFé=0O, that is converted to the
Reaction of Deoxyhemoglobin with Peroxynitrite in the final product (metHb) only in a second stage of the reaction.
Absence of Carbon Dioxid&@he reaction of deoxyHb with  HbFe¥=0 cannot be detected directly because its spectrum
peroxynitrite was investigated by rapid-scan UV/vis spec- shows an absorbance maximum at 418 nm, a wavelength
troscopy at pH 7.4 and 2TC. As shown in Figure 5, when  that lies between those of deoxyHb (430 nm) and metHb
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FiIGUrRe 7: Percentage of the different Hb forms present during the
reaction of HbFe® (36 uM) with peroxynitrite (360xM)) in the
presence of C®(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 HbRg8IbFeV=0, and metHb.

1.2 mM CQ has previously been demonstrated by detection
of Fe(i)sulfohemoglobin upon reaction of HbFg@nd
peroxynitrite in the presence of b& (30).

Also for the experiment depicted in Figure 6, we fitted
all the spectra with a linear combination of the spectra of
pure HbFe@ HbFe'=0, and metHb, to determine the

Ficure 6: Rapid-scan UV/vis spectra of the reaction between relative concentration of the different Hb species during the

HbFeQ (36 uM) and peroxynitrite (36Q«M) in the presence of
CO, (1.2 mM), in 0.05 M phosphate buffer at pH 7.4 and 2D

The traces depicted were recorded in (A) O, 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 HbFefQs shown in bold. In (B), the final
spectrum is shown in bold.

(405 nm). Moreover, the rates of formation and decay of

HbFeV=0 are rather similar (approximately 3.1 and 2.4 s

course of the reaction. As shown in Figure 7, the amount of
HbFeV=0 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 GQ@Figure 2).

The kinetics of the two steps of the reaction between
HbFeQ and peroxynitrite in the presence of different

under the conditions of the experiment depicted in Figure gmounts of CQ were studied separately by single-wave-

5) and thus its steady-state concentration is expected to be?ength stopped-flow spectroscopy under pseudo-first-order
very small. Taken together, these results show that the order.gnditions with peroxynitrite in excess, analogously to the

of magnitude of the second-order rate constant for the gt dies in the absence of GQAt pH 7.4, we found that the

formation of HbF&=0 from the reaction of deoxyHb with
peroxynitrite is also 20M~! s™1. Interestingly, we have
previously shown that the reaction of deoxyMb with peroxy-
nitrite proceeds at a significantly faster rate (ca® M*
s1 (12), despite the similarity between the two proteins.

observed rate constants for the two reaction steps increased
nearly linearly with increasing C&roncentration in the range
0.6—4.8 mM (Figure S1, Supporting Information). This result
indicates that HbFeOmust react at a larger rate with the
products formed from the reaction of ONO@ith CO, than

Rapid-Scan U\is Spectroscopic Studies of the Reaction with peroxynitrite.

Between Oxyhemoglobin and Peroxynitrite in the Presence

of Carbon DioxideCarbon dioxide, which rapidly reacts with
ONOO- to yield the adduct ONOOCLO which partly
decomposes to GO and NQ- (9, 10, 29), represents one
of the most important targets of peroxynitrite in biological

Interestingly, our data showed that addition of 4@d a
more prominent effect on the value of the rate constant of
the first step of the reaction between Hbkhefhd perox-
ynitrite. Indeed, in contrast to the experiments in the absence
of added CQ, the values of observed rate constants for the

systems. Thus, we have investigated the influence of CO first step were always significantly larger than those of the

on the reaction between HbFe@nhd peroxynitrite. As shown
in Figure 6, in the presence of 1.2 mM g@he changes

second step. At higher GOconcentrations, the errors
associated with the values of the observed rate constants were

observed in the rapid-scan UV/vis spectra of the reaction very large, because the values of the amplitudes decreased

between HbFe@and peroxynitrite were qualitatively identi-

cal to those observed in its absence (Figure 1). In the first

part of the reaction (Figure 6A), HbFeGs oxidized to

with increasing C@ concentrations.
pH Dependence of the Oxidation Rate of Oxyhemoglobin
by Peroxynitrite in the Presence of Carbon Dioxide. get

HbFeV=0 with isosbestic points at 525 and 586 nm. The a better understanding of the influence of £ @e investi-

last spectra (Figure 6B) show the conversion of HF©

gated the reaction between peroxynitrite and HbFa(pH

to metHb, with isosbestic points at 523 and 605 nm. Taken 6.3, 7.4, and 8.0 in the presence of 1.2 MM C®&s shown

together, these observations suggest that addition e{lG€s

in Figure 8, at all three pH values studied the observed rate

not significantly alter the overall reaction mechanism. The constants linearly increased with increasing peroxynitrite

formation of HbF&=0 as an intermediate of the reaction
between HbFe® and peroxynitrite in the presence of

concentration. Interestingly, we did not observe a clear
dependence on the pH, either for the pseudo-first-order or
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140

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

120 _
addition [HbFeQ] = 8 uM [HbFeQy] = 39uM
100 procedure noC® 12mMCQ noCG 1.2mMCQ
3 1 4 7 4 deé
= 1-NEMa© 5 8 5 7
8 2 6 12 5 dee
- 2-NEMed 5 10 1 et
3 6 7 5 10

a Peroxynitrite was added 1 equiv at a timfi@he protein decom-
posed before the reaction was complétéxperiments were carried
out with NEM-HbFeQ. ¢ Peroxynitrite was added as a bolus from a

0 ' ' ' ' ' ' concentrated solutiorf.Equal volumes of a peroxynitrite and a HbeO
0 50 100 150 200 250 300 solution were mixed with the OLIS stopped-flow instrument.
[ONOO-] (uM)
Hos the decay of ONOOCE, possibly NG*. We have previ-
: SH 74 ously shown that HbFPé=0 is rapidly reduced by N©®to
—8— pH 7.4, HbFeV=0 [ 1 metHb and nitrate31). As shown in Figure 8, at pH 7.4
100| —e—pH 8.0 n and in the presence of 1.2 mM GQ@he observed rate

constants of the reaction of peroxynitrite with separately

80 = prepared HbFé=O were considerably larger than those
= obtained for the second step of the reaction with HbFeO
b 60 ] This result can be explained by the observation that when

3 HbFeV=0 is mixed with peroxynitrite higher amounts of
> 40 = NO;* will be available for reaction. In contrast, when HbReO
is mixed with peroxynitrite in the presence of added,CO

201 n HbFeV=0 first has to be generated and in this time a large

B fraction of NG will have been consumed through other
0 : ' ' : : : reactions. Among others, NQbxidizes HbFe@(see below)
0 50 100 150 200 250 300 350 and may react with tyrosine, tryptophan, and cysteine
[ONOO-] (uM) residues §2). Interestingly, this result is again in contrast to
FIGURE 8: Plots ofkops VErsus peroxynitrite concentration for the What was observed for the corresponding reaction with
two steps (A) HoFe@— HbFeV=0 and (B) HoF& =0 — metHb MbFeQ, for which essentially identical second-order rate
of the peroxynitrite-mediated oxidation of HoFe@ uM) in the constants were measured for the reaction of peroxynitrite

presence of 1.2 mM C&Xin 0.05 M phosphate buffer at 2C). with MbFeV=0 and for the second step of the reaction with
Comparison with the data obtained from the reaction of separately MbFeQ (13)

prepared HobP¥=0 and peroxynitrite under the same conditions. ) )
The second-order rate constants resulting from the linear fits The first step of the reaction between Hbke@nd

depicted are summarized in Table 1. peroxynitrite was studied at pH 6.3, 7.4, and 8.0 also in the

) ) presence of 2.4 mM CQ(Figure S2, Supporting Informa-
for the second-order rate constants. For the first reaction Step,tion)_ Under these ConditionS, the values of the pseudo_ﬁrst_
the reaction proceeded at a similar rate at pH 6.3 and 8.0,order and the second-order rate constants were all higher
but was significantly faster at pH 7.4 (Figure 8A). In contrast, than those obtained in the presence of 1.2 mM, Clable
for the second step the values of the pseudo-first-order and]_), However, the same pH dependence was observed for the
the second-order rate constants were larger at pH 6.3 thanalues of the second-order rate constants, which followed
at pH 7.4 (Figure 8B). At pH 8.0, the value of the second- the order pH 6.3< pH 7.4 > pH 8.0.

order rate constant was even smaller. In general, at all pH  Amount of Peroxynitrite Required to Completely Gent
studied the second-order rate constants for both reaction StePRhFEe, or HbFEY=0 to metHb, in the Absence and

in the presence of 1.2 mM GQvere significantly larger than  presence of C@ Because the reaction of peroxynitrite with
_those determined in the absence of GQable 1). Interest- HbFeQ is not very fast, under the conditions of our
ingly, Mb and Hb do not show an analogous pH dependence gy neriments, the parallel decay of peroxynitrite also takes
of the second-order rate constants in the presence of 1.2 MM, 5ce. Therefore, in most cases more than 2 equiv of
CQ.. Indeed, the second-order rate constants for the first Stepperoxynitrite were required to completely oxidize HbReO
of the reaction between MbFe@nd peroxynitrite (in the 4 metHb. As summarized in Table 2, UV/vis spectroscopic
presence of 1.2 mM C continuously increase with  stydies showed that when HbFe(@® uM) was titrated with
increasing pH, whereas no clear pH dependence was foundy,psequent additions of 1 equiv of peroxynitrite (procedure
for the second reaction stepd). 1), 4 equiv were required to completely oxidize HbiRe®
The half-life of peroxynitrite in the presence of 1.2 mM the absence of added GQOnterestingly, the absorbance
CO, (at pH 7.4 and 20C, t12 &~ 28 ms) is significantly maximum of the last spectrum, which remained unchanged
shorter than in its absence (at pH 7.4 and@0t;, ~ 3 s). upon addition of further equivalents of peroxynitrite, was
Thus, the second step of the reaction between Hblkeed always at 407 nm instead of 405 nm, as expected for metHb
peroxynitrite in the presence of GOnust consist of the  (21). This observation suggests that during the reaction with
reduction of HbF&¥=0 to metHb by products derived from excess peroxynitrite the protein may be partly modified.
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Approximately the same number of equivalents of per- show that under our experimental conditions, because of the
oxynitrite was needed when a more concentrated proteinparallel decay of peroxynitrite and the reaction with 893,
solution was used (38M) for a similar experiment. In this  both the peroxynitrite-mediated oxidation of HbFe®
case, the last spectrum corresponded to that expected fometHb and the reduction of Hbe=O to metHb are not
essentially quantitative formation of metHb. stoichiometric processes.

To find out whether the method used to add peroxynitrite  Analysis of the Nitrogen-Containing Products Obtained
had an influence on the amount required to completely From the Reaction of HbFeOwith Peroxynitrite in the
convert HbFe@ to metHb, we carried out further experi- Apsence and in the Presence of Carbon Dioxidbe
ments in which we added peroxynitrite as a bolus either from products of the reaction of HbFeQwith an excess of
a concentrated solution (procedure 2) or by mixing equal peroxynitrite were analyzed by ion chromatography. The
volumes of the solutions with the OLIS stopped-flow reactions were carried out with a large excess of peroxy-
instrument (procedure 3). In both cases, approximately 6 nitrite, to make sure that HoFe@as oxidized quantitatively
equiv of peroxynitrite were required to completely oxidize to metHb. Indeed, unreacted HboFesihd HbF&=0 would
the diluted (8«M) HbFeQ; solutions, whereas only 5 equiv  |ead to artifactual production of nitrate from their reaction
were needed for the 38V HbFeQ; solution. Taken together,  of nitrite (present as an impurity in the peroxynitrite
these results suggest that the mixing procedure does nokoplutions) 6, 17, 18). These processes are significantly
influence considerably the outcome of the reaction betweens|gwer than the corresponding reactions with peroxynitrite,
HbFeQ and peroxynitrite. A slightly larger excess of and thus do not take place under the experimental conditions
peroxynitrite is required to completely oxidize HbFa@hen chosen here.
it is added as a bolus, since in this case larger quantities of In agreement with previous report34j, in the absence

peroxynitrite decay without interacting with the protein. of added CQ spontaneous decay of 1@/ peroxynitrite

Altlertpatl\{ﬁly, :Nhen petr_oxyrt1)|t;|\;cve IS t't.rta.tted ”: the protein ¢ at pH 7.0 and 20C yielded 67+ 2% nitrate and 34t 3%
solution the slow reaction between nitrite (always present i jte | the presence of 5 or 1@Vl HbFeO, the nitrate

as an impurity in the peroxynitrite solution) and Hbhefay yields were 82+ 2 and 844 3%, respectively. The amount

contribute to metHb formation, 'a'pparently lowering the of nitrite found after these reactions was 54 and 12+
number of equivalents of peroxynitrite needed to completely 5%, respectively

oxidize HbFeQ. 4. in th ‘ Be vield of
It has been shown that the reactive Cys resigigalso _As expected, In the presence of 1.2 mM £1fie yield o
nitrate formed from spontaneous decay of 100 perox-

react with peroxynitrite when it is mixed with HbFe(B3). 7 I 0
Thus, we carried out a similar set of experiments with NEM- yn|tr!te was S|gn|f|car_1tly larger. At pH 7.0 {;m_d , We
P obtained 85+ 3% nitrate and 17+ 2% nitrite. In the

HbFeQ (the protein form in which the Cy#93 residues were
Q (the p yo presence of 5 or 1M HbFeQ, the nitrate yields were 90

blocked with NEM), to find out whether this concurring 3 and 95 20¢ velv. Th ¢ nitrite found
reaction was responsible for the large excess of peroxynitritejE an 0, respectively. The amount of nitrite foun
after these reactions was#9 3 and 44+ 2%, respectively.

needed to completely oxidize HbFeQ\s summarized in
Table 2, no significant difference was observed among the Taken together, these product analysis data suggest that
reactions of peroxynitrite with HbFeGand with NEM- the reaction between HbFe@nd peroxynitrite, both in the
HbFeQ. presence and absence of £@oes not lead to formation of
Because of the faster decay of peroxynitrite’ in the nitrite. ThUS, in contrast to our initial prOpOSEiIIZ), these
presence of 1.2 mM CQarger quantities of peroxynitrite ~ data indicate that Hoe=0O cannot be generated by decay
were required to completely oxidize HbFe@dependently ~ 0f HoFE'OONO to HbF&=0 and NQ".
of the protein concentration and the addition procedure used Pulse Radiolysis Studies of the Reaction of Hbje@h
(Table 2). Interestingly, for the experiments with high protein Nitrogen Dioxide.The reaction of HbFe©with NO,* was
concentrations it was not possible to follow the reaction by studied by pulse radiolysis of a8-saturated nitrite solution.
UV/vis spectroscopy because the protein was apparentlyBecause HbFefreacts with nitrite, albeit at a slow rat&7,
modified before complete conversion of HbFE&® metHb. 18), the NO-saturated HbFeQand NQ~ solutions were
The spectrum of the decomposed protein lacked of the mixed in the cell only a few seconds before radiolysis.
characteristic maxima for metHb at 500 and 631 nm and Preliminary experiments were carried out by following the
showed a general increase in the absorbance between theseaction at 541, 576, and/or 600 nm both in the presence of
two wavelengths. Analogous reaction with NEM-HbReO an excess of N@or of HbFeQ. The amplitudes of the traces
suggested that the G§83 residues were involved in this  suggested that the reaction of HbRe@th an excess of N®
decomposition process. Indeed, addition of 7 equiv of leads to the formation of metHb, whereas the reaction of
peroxynitrite in aliquots of 1 equiv each to NEM-HbFeO HbFeQ with substoichiometric amounts of NOyields
led to the formation of metHb without significant modifica- mostly HbF&’=0 (data not shown). To confirm these results,
tion of the protein. we measured a difference spectrum 10 ms after allowing 41
The amount of peroxynitrite needed to quantitatively uM HbFeG to react with 5uM NO.*. As shown in Figure
reduce HbF¥=0 to metHb was determined analogously by 9A, the measured spectrum corresponded to that expected
mixing equal volumes of the solutions with the OLIS after conversion of approximately oV HbFeGQ, to ca. 4
stopped-flow instrument (procedure 3). When a HHF®© uM HbFeV=0 and 1uM metHb. Reaction of 41uM
solution (8uM) was treated with an excess of peroxynitrite, HbFeQ with 10 uM NO;" led to the formation of ca. GM
the reaction was complete approximately after addition of 3 HbF€V=0 and 4 uM metHb (Figure 3S, Supporting
and 4 equiv, for the reaction in the absence and in the Information). In contrast, when HbFeQ12 uM) was
presence of Cg) respectively. Taken together, these results allowed to react with an excess of MQ67 uM) the spectrum



Peroxynitrite-Mediated Oxidation of Oxyhemoglobin

T

0.02

Absorbance

-0.02

450 500 550

Wavelength (nm)

600 650

0.05

Absorbance

-0.05

450 500 550

Wavelength (nm)

Ficure 9: Difference spectra (thin lines) measured 10 ms after
irradiating NO-saturated HbFeolutions containing 5 mM nitrite
(in 0.1 M phosphate buffer pH 7.4). The concentrations of HhFeO
and NQ* were (A) 41 and 5uM and (B) 12 and 67uM,
respectively. Calculated difference spectra (dotted bold line)
corresponding to the conversion of (Ay HbFeG; to ca. 4uM
HbFeV=0 and 1uM metHb and of (B) 1M HbFeQ, to 10uM
metHb.

600 650

measured after 10 ms showed the conversion of caMO
HbFeQ to metHb (Figure 9B).

The reaction of MbFe®with NO,* to yield metMb has
previously been suggested to proceed via reaction of MbFeO
with nitrite, rapidly produced from the hydrolysis of,®,

(35). However, Wade and Castr8g) carried out the reaction

by adding gaseous NXo an aerobic MbFe@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 reactionby EPR spectroscopy

described in this pulse radiolysis study.

DISCUSSION

It is now established that in the presence of ,(e
reaction of peroxynitrite with different substrates mainly
involves their modification by C& and/or NQ°, the
radicals generated from the decay of ONOQCG@he adduct
formed from the reaction of ONOOwith CO, (36—38).

Biochemistry, Vol. 43, No. 51, 2004.6401

nitrito-metHb complex (HbFEOONO), possibly via the fast
radical-radical reaction between the superoxide coordinated
to the Fefi) (FE'O, < Fe"O,) and NO (31, 39). The
reaction of HbFe@with NO,* seems to proceed according
to a similar mechanism: the superoxide coordinated to the
Fe(n) reacts with N@ to generate a peroxynitratanetHb
complex (HbFEOONG;) (eq 3). Interestingly, a similar
peroxynitrato complex has recently been shown to be
generated from the reaction of MQwith a superoxochro-
mium(n) complex, [Cgd"OOP* (40).

HbFeQ < HbF€"O,"” + NO,” — HbF€é"OONO, (3)

Peroxynitrate (HOONg) is a potent oxidizing agent,
which has been shown to rapidly react with Br—, CI-,
Nz, and VG* (41). Thus, one possible decomposition
pathway for HOFE OONG;, represents the formation of NO
and HbF&=0 (eq 4a). N@ 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 -d0 bond homolysis in
HOONG,; is very high (39 kcal/mol42)), an observation
that renders this pathway rather unlikely. Moreover, at pH
7 the one-electron reduction potential of HOONO yield
NOz and HO is only 0.74 V @3), whereas the reduction
potential of HbF&=Q is ca. 1 V @4). In contrast, the two-
electron reduction potential of HOONGD yield NO;~ and
H,O at pH 7 is 1.59 V 43). Taken together, these data
suggest that a more likely decomposition pathway for
HbFE"OONQ, may lead to the direct formation of NO
and a one-electron oxidized form of HBFeO (eq 4b).
*HbFeV=0 may correspond to the same product observed
from the two-electron oxidation of metHb by.8,, that is
the ferryl form of the protein with a radical centered on a
sulfur and/or an oxygen aton#%—47). This reaction has
also been suggested to proceed via an Fe(lll)-peroxide
complex. The optical features aflbF€V=0 are indistin-
guishable from those of HbFe=0O. Moreover, the formation
of cysteine and tyrosine radicals from reaction between
HbFeQ and peroxynitrite has previously been demonstrated
both in the presence and absence of

CO, (33, 49).
HbFd'OONG, — HbFé'=0+ NO,;  (4a)
HbF€"'OONO, — *HbFé'=0+ NO,~  (4b)

In the presence of an excess of peroxynitrite (or,)lO
HbFeV=0 is reduced to metHb (eq 5) and nitrate, as

The data presented in this paper suggest that in the presencdemonstrated previoush8{) and as clearly shown by the

of 1.2 mM CQ also the peroxynitrite-mediated oxidation
of HbFeQ to metHb is dominated by reactions of the protein
with COz~ and NQ. The stopped-flow spectroscopic studies
presented here clearly show that HiYFeO is produced up
to 40% when HbFe®is mixed with an excess of peroxy-
nitrite in the presence of 1.2 mM GOThe pulse radiolysis
study of the reaction of N® with HbFeQ are consistent
with this reaction being the main source of HBFeO
formation. We have recently shown that, in analogy to the
nearly diffusion-controlled reaction of superoxide and*NO
(2), the reaction of HbFe with NO* generates a peroxy-

difference spectrum obtained after reaction of Hbfadh

a large excess of NO(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.

(5)

The results of the pulse radiolysis study of the reaction
between N@ and an excess of HbFeQuggest that the
second-order rate constant for the second reaction step (eq

HbFé'=0 + NO, — metHb+ NO,"
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5) is larger than that for the first step (eq 3). Indeed, from shown to produce ca. 15% HBFeO (33). The reaction

the fit of the resulting difference spectrum it is clear that was proposed to proceed according to eg8,/by substitu-

the final product is not pure HbFe=0O, but a mixture of tion of O~ by peroxynitrite, formation of the peroxynitrito

HbFeV=0 and metHb. complex HbF#OONO, and subsequent decay to 90%

In a recent pulse radiolysis study, we have shown that metHb/NGQ~ and 10% HbFE=O/NO;".

COy~ oxidizes HbFe@to metHb in a two-step reactiod9).

First COs~ generates radical(s) in the globin which then, HbFeQ < HbFd'0,”” + HOONO—

over a longer time scale, oxidize the iron center to finally I - +

produce~40% of metHb. The rate constants obtained for HbFe' OONO+ O, +H ()

the two steps in 0.25 M sodium bicarbonate solutions at pH v . ~10% I ~90%

10.0 and room temperature are (2:10.1) x 108 Mt s HbFé'=0 + NO," ~—— HbFé'OONO——

and (1.0 0.2) x 1(?s™%, respectively. At lower pH, reaction metHb+ NO,~ (8)

of COz*~ with the globin may proceed with a rate constant

1 order of magnitude lower, as observed for the reactions of However, we have previously demonstrated that the

COs~ with Tyr and Cys 82). If a Trp residue is involved in  peroxynitrito complex HbPEOONO, produced from the

the reaction of Hb with C@~, the rate at pH 7.5 would be  reaction of HoFe@with NO*, quantitatively decays to metHb

comparable to that at pH 1G@. Finally, the rate of the  and nitrate, without formation of detectable intermediates

second step, the electron transfer reaction that leads to(31, 39). Treatment of HbFe©with 1 equiv of NO in the

oxidation of the iron center of Hb, may also be slightly presence of a large excess of.8alid not lead to detectable

slower, as observed for intramolecular electron-transfer amounts of Fe()sulfohemoglobin 27), suggesting that

reaction between Trp radicals and T$d). Taken together,  HbFeV=0 is not formed in this process (data not shown).

it is conceivable that the reaction of @O with HbFeQ In analogy to the reaction of HbFe@ith peroxynitrite/

also contributes to metHb formation when an excess of CO,, we propose that also in the absence of added CO

peroxynitrite is mixed with HbFeg@in the presence of CO HbFeV=0 is generated from the reaction of MQwith

(eq 6). HbFeQ. Peroxynitrous acid is a strong oxidant with a one-
electron reduction potential of ca. 1.6 V at pH 53(54).

HbFeQ + CO,” — metHb+ CO,> + O,  (6) Thus, HOONO may oxidize HbFeGand produce metHb,

0O,, and NQ- (eq 9). As discussed above, hGhen reacts

Interestingly, we have recently reported that to be able to with HbFeQ to generate HoPe=0O (eqs 3 and 4b). In the

simulate the results of the reaction of an excess of peroxy- presence of an excess of peroxynitrite, N@acts with

nitrite with MbFeQ in the presence of CQthe analogous  HbFeV=0 to metHb and nitrate (eq 5). Thus, the overall

reaction between MbFeand CQ*~ had to be introduced reaction of HbFe@with peroxynitrite may proceed according

to reproduce the quantitative metMb formation obtained to eqs 3-5 and 9. Nevertheless, more studies are needed,

experimentally 13). In conclusion, our results suggest that and are in progress in our laboratory, to elucidate the exact

in the presence of CQthe peroxynitrite-mediated oxidation mechanism of the reaction between HbE@@d peroxynitrite

of HbFeQ to metHb proceeds according to egs& in the absence of added GO

The proposed mechanism may explain the lack of a clear

pH dependence of the observed and the second-order ratélbFeQ <> HoFeQ'™ + HOONO+ H™ —

constants of the two steps of the reaction of HbFa@h I .

peroxynitrite in the presence of added CMdeed, several HbFE'OH, + NO; + O, (9)

factors may influence this reaction rate in opposite ways.  Finally, the reaction of deoxyHb with peroxynitrite is likely
At lower pH, it has. been shown that the distal histidine is , proceed as previously proposed for the corresponding
protonated and swings out of the heme pock®.(Thus,  reaction with deoxyMb, via the formation of HBRRONO,

the reaction of N@ with the iron center in HoFemay be \yhjch then decays to Hbe=O and nitrite (eqs 10 and 11).

facilitated. However, at lower pH the concentration of the |, the second step, HbMe=O is converted to metHb and
anion ONOQ, the species that reacts with gds lower. nitrate by reaction with N® (egs 5).

Under basic conditions, larger amounts of peroxynitrite will

decay through the reaction with G@roduce larger amounts HbFd' + HOONO— HbFd' OONO+ H"  (10)
of NO>", and thus one would expect that the reaction becomes
faster. However, when larger amounts of X@re generated, HbFed' OONO— HbFé"=0 + NO,~ (11)

the concurring dimerization of N©to N,O, with subsequent
rapid hydrolysis to nitrite and nitrate may become more The mechanism proposed here for the reaction of peroxy-
significant. Thus, the observed reaction rate does not increasenitrite with HbFeQ is consistent with the pH dependence
with increasing pH. of the observed and the second-order rate constants obtained
The reaction of peroxynitrite with HbFe@n the absence  experimentally. The increase in the rate at lower pH confirms
of added CQ@has recently been studied under experimental that HOONO is the species that reacts with HbkeO
conditions close to those found in vivo, that is, in the  The observation that a larger number of equivalents is
presence of a large excess of the prot&g).(Also under required to completely oxidize HbFgQ@o metHb in the
these conditions, the reaction has been shown to yield presence of added G@eflects the higher HbPe=0 yield
stoichiometric amounts of nitrate and metHb, together with obtained under these conditions. Indeed, if more
ca. 50% oxygen and hydrogen peroxi@8)( A small amount HbFeV=0 is formed, a larger amount of NQand thus of
of protein radicals were trapped (6%) and the reaction was peroxynitrite, will be required to convert it to metHb and



Peroxynitrite-Mediated Oxidation of Oxyhemoglobin

nitrate. Moreover, formation of HbPe=O is accompanied 4.
by generation of a radical on the globin only in the presence
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