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ABSTRACT. Peroxynitrite is a strong oxidant involved in cell injury. In tissues, most of peroxynitrite reacts
preferentially with CQ or hemoproteins, and these reactions affect its fate and toxicity.pé@notes
tyrosine nitration but reduces the lifetime of peroxynitrite, preventing, at least in part, membrane crossing.
The role of hemoproteins is not easily predictable, because the heme intercepts peroxynitrite, but its
oxidation to ferryl species and tyrosyl radical(s) may catalyze tyrosine nitration. The modifications induced
by peroxynitrite/CQ on oxyhemoglobin were determined by mass spectrometry, and we fourudiyra?,
PTyrl30, and, to a lesser extentTyr24 were nitrated. The suggested nitration mechanism is tyrosyl
radical formation by long-range electron transfer to ferrylnemoglobin followed by a reactionN@th
Dityrosine @24—042) and disulfidesf93—£93 anda104—a104) were also detected, but these cross-
linkings were largely due to modifications occurring under the denaturing conditions employed for mass
spectrometry. Moreover, immunoelectrophoretic techniques showed that the 3-nitrotyrosine content of
oxyhemoglobin sharply increased only in molar excess of peroxynitrite, thus suggesting that this
hemoprotein is not a catalyst of nitration. The noncatalytic role may be due to the formation of the nitrating
speciesNO, mainly in molar excess of peroxynitrite. In agreement with this hypothesis, oxyhemoglobin
strongly inhibited tyrosine nitration of a target dipeptide (Algyr) and of membrane proteins from ghosts
resealed with oxyhemoglobin. Erythrocytes were poor inhibitors of-Alar nitration on account of the
membrane barrier. However, at the physiologic hematocrit;-Ala nitration was reduced by 65%. This
“sink” function was facilitated by the huge amount of band 3 anion exchanger on the cell membrane. We
conclude that in blood oxyhemoglobin is a peroxynitrite scavenger of physiologic relevance.

Tyrosine nitration appears to represent in vivo a prominent of superoxide with superoxide dismutas®).(In tissues,
pathway of protein modification in several different patho- however, most of peroxynitrite does not react directly with
logical conditions {—4). The detection of stable 3-nitroty- several biological targets because of its fast reaction with
rosine residues in pathologic tissues was suggestive of theCO, and proteins containing metal centefs-(2). These
existence of nitrating pathways and considered a possiblecompounds are highly concentrated in tissues (from micro-
marker for the production of peroxynitriten vivo. It should molar to millimolar), and their reactions with peroxynitrite,
be mentioned, however, that probably peroxynitrite is not thus, precede those with other biological targets, including
the only tyrosine nitrating agent, as this modification can low molecular weight antioxidantsl(). The ONOO/CO,
also occur through mechanisms involving peroxidases, nitrite, reaction is of particular relevance because it significantly

and hydrogen peroxidedy. decreases the lifetime of peroxynitriteQj and leads to the
Peroxynitrite is a powerful oxidant that is formed by the formation of a postulated secondary oxidant, the nitroso-
diffusion-limited reaction between nitrogen monoxice€@, peroxycarboxylateanion adduct, ONOOCLO (9, 13. The

more frequently referred to as nitric oxide) and superoxide lifetime of ONOOCQ™ is too short to allow it to cross a
anion (Q°7) at a faster rate§ 7) than that of the reaction  biological membranel(), but it has been suggested that the
radicals produced in the decay procelS€), and CQ*~ (14—
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nitration by peroxynitrite is strongly dependent on the of erythrocytes washed in isotonic phosphate buffer (0.15
simultaneous availability of tyrosyl andO, radicals 9, 16, M NaCl, 5 mM sodium phosphate, pH 7.4) was suspended
21), hemoproteins are in principle expected to increase tyro- at 20% hematocrit and incubated with 10 mM'4J#lsothio-
sine nitration if they can promote the formation of these cyanatostilbene-2'2isulfonic acid (DIDS). After 15 min
radicals. Recently, it has been demonstrated that the hemeat room temperature, cells were extensively washed in
thiolate protein P45Q; can catalyze peroxynitrite-mediated isotonic phosphate buffer to remove excess DIDS. The
formation of 3-nitrotyrosines in target molecul@d). It has oxyHb content of control and DIDS-treated erythrocytes was
been suggested that the ferrylheme oxidizes target tyrosine€99.8 + 0.2%. A concentrated hemolysate and oxyHb
to tyrosyl radicals, which in turn react wittNO, to yield purification by ionic exchange column was obtained as
3-nitrotyrosines Z1). However, the action of hemoproteins previously described?8). MetHb was prepared from oxyHb

is determined by several factors including (i) the solvent ex- by the addition of potassium ferricyanide in a 1:1.2 molar
posure of tyrosine residues, (ii) the existence in the vicinity ratio. Excess ferricyanide was removed by a Sephadex G-25
of tyrosine residues of metal centers or polar amino acid column. The concentration of oxyHb and metHb expressed
side chains41, 24, and (iii) the ability to convey oxidizing  per heme group was determined spectrophotometriczdly (
equivalents from the heme to the tyrosine residue(s) and fromCO-Hb was obtained from oxyHb by bubbling with CO gas

tyrosine residue(s) to other targe®$( 29, processes involv-
ing long-range electron transfer or electron tunneling (ET).

for 3 min. Hemoproteins were concentrated by centrifugation
on Microcon (cutoff 10 kDa, Amicon, Beverly, MA). Hb-

Recent studies suggested, that in the vasculature, oxyhefree ghosts were resealed in 0.13 M KCl, 5 mM diethylene-

moglobin (oxyHbY is one of the most important targets for
peroxynitrite (2, 27, 28). This belief is based on (i) the high
concentration of oxyHb in blood, (ii) a second-order rate
constant for peroxynitrite comparable to that of £@2),
and (iii) the fast diffusion of peroxynitrite across the eryth-
rocyte membranel@). We reported in a previous work that
peroxynitrite reacts as a peroxide with oxyHb, oxidizing the
heme to a ferryl species (in this work, we use the term ferryl

triaminepentaacetic acid (DTPA), 0.1 mM phenylmethane-
sulfonyl fluoride, 10ug/mL aprotinin, 10ug/mL leupeptin,

5 mM phosphate buffer, pH 7.4, at 3T for 10 min. In
some experiments, ghosts were resealed in the presence of
different concentrations of purified oxyHb to allow oxyHb
trapping. After resealed ghosts were extensively washed, the
yield of incorporated oxyHb ranged from 10 to 30%. To
avoid metal-catalyzed nitration by peroxynitritdy, buffers

to denote generically high valent oxo-iron species such aswere treated extensively with Chelex 100 (Bio-Rad, Rich-

ferryl or perferryl heme) and forming a long-lived tyrosyl
radical(s) similar to that (those) produced by hydrogen
peroxide 28). This oxidative pathway involves a bimolecular

mond, CA), and all samples contained 0.1 mM DTPA.
Treatments with Peroxynitritd?eroxynitrite was synthe-
sized from nitrite and KD, as described by Radi et aB1)

reaction between peroxynitrite and oxygenated heme and isand treated with Mn@(2 mg/mL, 30 min, £C) to eliminate

thus mechanistically different from the one-electron oxida-
tions mediated byNO, and/or CQ~ radicals formed during
ONOOCQG™ decay.

excess HO,. The peroxynitrite concentration was determined
at 302 nm é = 1670 Mt cm™1). Peroxynitrite was added
as a bolus to samples, buffered with 150 mM phosphate,

The experimental design of our study was focused on the 0.1 mM DTPA, and 25 mM sodium bicarbonate, pH 7.4

properties of oxyHb in peroxynitrite-mediated tyrosine
nitration measured either in target molecules or in globin

(phosphate/DTPA/bicarbonate) and submitted to vigorous
vortexing. Bicarbonate was added to the phosphate buffer

residues by mass spectrometry (MS). The picture thatfrom a1 Mstock solution, and the dissolved ¢@as 1.3
emerges is oxyHb acting as a scavenger of peroxynitrite MM with 25 mM bicarbonate, as measured by a blood gas

without catalyzing tyrosine nitration.

MATERIALS AND METHODS

Materials. Anti-3-nitrotyrosine monoclonal antibodies
were obtained from Upstate Biotechnology Incorp. (Lake
Placid, NY). Acetonitrile was of the highest purity grade from
J. T. Baker (Milan, Italy). lodoacetamide was from Fluka
(Buchs, Switzerland), and endoproteinase AspN was from
Boehringer Mannheim (Monza, ltaly). All other reagents
were from Sigma (St. Louis, MO).

DIDS Treatment, Preparation of Ghosts, and Hemoglobin
Purification. Heparinized fresh human blood was obtained
from normal donors following informed consent. An aliquot

3 Abbreviations: oxyHb, oxyhemoglobin; metHb, methemoglobin;
ferrylHb, ferrylhemoglobin; CO-Hb, carbon monoxide hemoglobin;
phosphate/DTPA/bicarbonate, 150 mM phosph@&éd mM DTPA-

25 mM sodium bicarbonate, pH 7.4, buffer; MS, mass spectrometry;
LC/ES, liquid chromatography/electrospray; MALDI/MS, matrix laser
desorption ionization; IS, ionspray; SB®AGE, sodium dodecyl
sulfate-polyacrylamide gel electrophoresis; TFA, trifluoroacetic acid;
DTPA, diethylenetriaminepentaacetic acid; DIDS,' 4ldsothiocyana-
tostilbene-2,2disulfonic acid; ET, electron transfer or electron tun-
neling.

analyzer (ABL 330 Radiometer, Copenhagen, Denmark). De-
composed peroxynitrite was obtained by inactivation at acidic
pH. A slight excess of HCI was added to the alkaline solution
of peroxynitrite before its addition to biological targets. NO
is able to induce oxyHb oxidation8%) and is present as a
contaminant of peroxynitrite preparations. However, we
observed that oxyHb induced the nitration of Alayr only
in the presence of NO > 1 mM and with the simultaneous
addition of HO, = 0.5 mM (unpublished results).

Gel Electrophoresis and Western Bléfter being exposed
to peroxynitrite, erythrocytes, ghosts, or oxyHb were dis-
solved in electrophoresis loading buffer (1% sodium dodecy!
sulfate, 7.5% glycerol, 0.1%8-mercaptoethanol, 0.01%
Bromophenol blue, 0.055 M Tris-HCI, pH 6.7, final con-
centrations) in which the concentration®fmercaptoethanol
was lowered to 0.1% (14 mM) to avoid heme- and thiol-
dependent reduction of 3-nitrotyrosine3). Proteins were
separated by sodium dodecy! sulfaflyacrylamide gel
electrophoresis (SDSPAGE) and for Western blot analysis
were transferred to nitrocellulose paper (Sleicher & Schuell,
Dassel, Germany) at 35 V overnight and incubated with
monoclonal anti-3-nitrotyrosine antibodies as previously
described 34). Specificity of the anti-3-nitrotyrosine anti-
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bodies was established by the absence of reactivity afterwere analyzed directly by LC/ES/MS using the LCQ in-
reduction to 3-aminotyrosine before SBBAGE analysis strument described above. Proteolytic digest was fractionated
(33). Band intensity of stained proteins (Red Ponceau S) or on a narrowbore C18 column using a linear gradient from 5
band intensity of X-ray films was quantified by densitometric to 60% of 0.07% TFA in 95% acetonitrile over 60 min at a
analysis (GS-700 Imaging densitometer, Bio-Rad, Hercules, flow rate of 0.2 mL/min. Effluent was directly inserted into

CA).

Liquid Chromatography Electrospray Mass Spectrometry
(LC/ES/MS).Peroxynitrite-treated oxyHb was analyzed by
LC/ES/MS *“on-line” using an LCQ ion trap instrument
(Finnigan Corp., San Jos€A). Individual globin chains

the ion source through the electrospray probe, and ES/MS
spectra were acquired through the entire analysis by using
the software provided by the manufacturer. Hydrolysis with

endoproteinase AspN was carried out in 0.4% ammonium
bicarbonate containing 10% acetonitrile, pH 8.5, at°87

were fractionated using a Phenomenex Jupiter C4 columnovernight using an enzyme-to-substrate ratio of 1:50 (w/w).

(250 x 4.6 mm, 300 A) (Torrance, CA) using 0.25%
trifluoroacetic acid (TFA) in HO/CHCN 4:1 (solvent A)
and 0.1% TFA in HO/CH;CN 2:3 (solvent B) by means of

An aliquot of peptide mixture was submitted to MALDI/
MS analysis.

Matrix Laser Desorption lonization Mass Spectrometry

a linear gradient from 57 to 70% solvent B for 35 min. One- (MALDI/MS) AnalysisMALDI mass spectra were recorded
third of the eluate was injected into the electrospray ion using a Voyager DE MALDI-TOF mass spectrometer
source, and the spectra were acquired and elaborated usingPerSeptive Biosystem, Boston, MA). A mixture of analyte
the software provided by the manufacturer. Modified globin solution, a-cyano-4-hydroxycinnamic acid, and bovine in-
chains were purified by preparative HPLC on an HP 1100 sulin was applied to the metallic sample plate and dried under
apparatus (Hewlett-Packard, Palo Alto, CA) using a Phe- vacuum. Mass calibration was performed using the molecular
nomenex Jupiter C4 column (25@ 10 mm, 300 A). ions from the bovine insulin (5734.2 Da) and the matrix
Fractions were collected manually and dried down in a (379.1 Da) as internal standards. Raw data were analyzed
Speedy-Vac centrifuge (Savant, Farmingdale, NY). Modified using computer software provided by the manufacturer and
globin chains were carboxyamidomethylated by incubation are reported as average masses.

with a 10-fold molar excess of iodoacetamide (relative to Spectrophotometric Determination of 3-Nitrotyrosine.
SH groups) in 0.1 M Tris-HCl and 1 mM EDTA, pH 8.0,  Treatment of Ala-Tyr with peroxynitrite was performed in

for 30 min at room temperature under nitrogen atmosphere yosphate/DTPA/bicarbonate. Samples were centrifuged at
in the dark. Alkylated globins were desalted and then 4 oc on Microcon (cutoff 3 kDa), and 3-nitrotyrosine was
analyzed by ionspray mass spectrometry (IS/MS) on an API/ jetected in the eluate. 3-Nitrotyrosine content was measured
100 quadrupole mass spectrometer (Perkin-Elmer, Norwalk, ysing differential absorbance at 430 nm under acidic and
CT). Relative yields were calculated on the area value related g kajine conditions5). It should be noted that nitration of

to the extract ionsrfyz = 1225.0 (MHs™), iz = 1327.0  (yrosine by peroxynitrite is zero order for the substrate, and
(MH2™9), miz = 1447.5 (MH,™)] for nitrated S-chain; thus results are not affected by small changes in dipeptide
[z = 1443.4 (MH,"%), mz = 1512.0 (MH:.™), Wz = concentration due to its diffusion or transport inside the
1587.5 (M| for f-chain dimer; Wz = 1168.1  gryihrocyte. This was confirmed experimentally by obtaining
(MH_13+13)1 m'z = 1265.2 (MH,™), m’z=32379.9 (MH. "] comparable results using 6:2 mM Ala—Tyr.

for nitrateda-chains; fivz=1211.5 (MH,"), m/z = 1261.9 Analysis of the Tridimensional Model of Crystallized

(MH2."2), miz = 1316.6 (MHg™)] for c-chain dimers OxyHDbA. Distances of residues from the heme and their
palcgl:;trtvedfslggrlcténtl\;)f thﬁ ar?:\/ Vilufsrzeéaéedwtlo tEle eXtraq'elative orientations were obtained using the program Swiss-
Ir?vnzs,—[14z4;5 (Ml-i ﬂ(l)] ';3 u?{mogifi_edﬂ-ch.ain(' a;lé |[nzl)z Pdb Viewer v3.51 that is available through the Internet
T 647 (MH +13)lm/z= 1261.6 (MH, ) m/z,= 1376.1 (http://lwww.expasy.ch/spdbv/mainpage.html). Since there is
y 3 0 i 2 ) ' no single value to assign the distances between a residue

+11 i . ;
(Mgﬁl .)] flor urémgmﬂeda.chinz. vsi€arb id and a heme, we chose the shortest distance to the porphyrin
emical and Enzymatic Hydrolysi€arboxyamido- group expressed in ang&mo(1 A = 1010 m).

methylated samples were digested with CNBr in 70% TFA
at room temperature for 18 h in the dark. Samples were thengesyL TS
diluted 10 times with water and lyophilized. CNBr fragments
were purified by HPLC on a narrowbore Phenomenex Jupiter
C4 column (250« 2.0 mm, 300 A) using 0.1% TFA (solvent nitrite. Previous studiesl@, 23 have shown that oxidative

A) and 0.07% TFA in 95% CECN (solvent B) by means  modifications by peroxynitrite occur primarily at tliechain

of a two-step gradient; the column was equilibrated at 30% with the formation of Hb dimers and 3-nitrotyrosine. We

of solvent B, and after 5 min of isocratic elution, the analyzed in more detail the modifications induced by
acetonitrile concentration was raised from 30 to 45% in 15 peroxynitrite/CQ on oxyHb (1 mM) in a 1:1 molar ratio by

min and to 60% in 38 min; the elution was monitored both MS in combination with chemical and enzymatic hydrolysis.
at 220 and 360 nm (absorbance of 3-nitrotyrosine) at a flow The reaction mixture was analyzed by LC/ES/MS im-
rate of 0.2 mL/min. Purified CNBr peptides were digested mediately or within 24 h after sample freezing without
either with chymotrypsin or with pepsin. Hydrolysis with appreciable changes. Mass spectra of the different Hb species,
chymotrypsin was performed in 0.4% ammonium bicarbon- separated by HPLC, immediately revealed the nature of the
ate, pH 7.5, at 37C for 2 h using an enzyme-to-substrate modifications (Figure 1). The mass data suggested that
ratio of 1:50 (w/w). Hydrolysis with pepsin was carried out reaction of peroxynitrite resulted in a single nitration on both
in 5% formic acid at 37°C for 30 min using an enzyme-  chains and cross-linking formation between twoand two
to-substrate ratio of 1:150 (w/w). Resulting peptide mixtures j3-chains, respectively. It should be stressed that the yield of

Characterization of Globin Residues Modified by Peroxy-
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3 317303213 BB Cys93
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5 15171.040.2 Mono-nitrated ¢, chain Tyr 42
6 15170.340.6 Mono-nitrated ¢ chain Tyr24
7 30250.1+1.3 o-a Tyr 24-Tyrd2
8 30249.040.2 ool Cys 104

Ficure 1: Identification of structural modifications induced by
peroxynitrite on oxyHb. LC/ES/MS analysis of reaction products
of 1 mM oxyHb in phosphate/DTPA/bicarbonate treated with 1
mM peroxynitrite (upper) or 1 mM decomposed peroxynitrite
(lower). See Results for details.

Table 1: Effects of the Post-Addition of Ascorbate on OxyHb
Residues Modified by Peroxynitrite/GO

yield (%)
without with % inhibition
target ascorbate ascorbate  with ascorbate
NO,—Tyr130 2.85+ 0.2 2.50+0.2 1z
Cys93-Cys93 240+ 0.1 1.05+0.2 56
NO,—Tyr42 235+ 0.2 2.35+0.2 0
NO,—Tyr24 0.30+£ 0.1 0.30£ 0.1 0
Tyr24—Tyr42 0.70+£ 0.1  0.25+0.1 64
Cys104-Cys104  0.26:t 0.1  0.03+0.02 85

a Peroxynitrite treatment was as described in the legend to Figure 1.
bYields were calculated as percent of the relative unmodified subunit
(see Materials and Methods$)Not statistically significantp = 0.2.

nitrotyrosine was 2.62.8% of the respective unmodified
subunit (Table 1).

To identify the modified residues, peroxynitrite-treated
species were purified by HPLC and carboxyamidomethylated

Minetti et al.

Only Tyr130 was shown to be nitrated by peroxynitrite out
of the two tyrosines that this peptide contains. Analysis of
fractions corresponding to thenitrated chain revealed that
Tyr residues in positions 24 and 42 were involved. A
semiquantitative analysis showed that nitration of Tyr42
represents about 87% of the total nitration on thehain
(Table 1). One of the cross-linked species of thehain
was identified as a dimer formed by two Tyr residues in-
volving residues 24 and 42. Both nitrotyrosine and dityrosine
are indicative of the initial formation of tyrosyl radicals.
Dityrosines are stable end products of the radicatlical
reaction between two tyrosyl radicals, whereas tyrosine
nitration mostly derives from the tyrosyl ardO, radicals
reaction (0, 2J).

Peroxynitrite-treated Hb also showed the presence of a
disulfide bridge between two Cys residues in position 104
of two differenta-chains as demonstrated by digestion with
pepsin. Identification of amino acidic residues involved in
the formation of a cross-link between tw#chains was
obtained by means of hydrolysis with endoprotease AspN
of the dimer of the C-terminal peptide 5646. This analysis
showed that the Cys residue in position 93 of fliehain
formed a disulfide bridge. The formation of a disulfide bond
from two thiols may be due to thiyl radicathiyl radical or
thiyl radicat-thiolate reactions3g).

OxyHb treated with previously decomposed peroxynitrite
did not show an HPLC profile indicative of modified globin
residues, excluding a small formationg83—/£93 disulfide
cross-linkings (Figure 1), thus ruling out a major contribution
of peroxynitrite decomposition or contamination products in
the observed globin modifications.

Some protein radical species, such as cysteinyl and
tryptophanyl radicals, are relatively short-lived species (decay
during sample mixing or within a few seconds), while tyrosyl
radical(s) and ferrylHb are exceptionally long-lived species
(=10—20 min) (19, 28, 37. The possibility that some of
the observed modifications may occur during denaturing
conditions introduced for LC/ES/MS analysis was therefore
considered. Before MS analysis, we added BBDascorbic
acid at room temperature 60 s after the addition of peroxy-
nitrite. Under these conditions, ascorbic acid is not expected
to reduce preformed nitrotyrosine83j, disulfides, or di-
tyrosines but reduces tyrosyl radicals with formation of the
relatively unreactive ascorbyl radic&g). The post-addition
of ascorbate did not significantly affect the intensity of
nitrotyrosines in thex- or g-chains, while it did reduce the
intensity of dityrosine and disulfides (Table 1). We deduce
that cross-linking of peroxynitrite-treated oxyHb occurs to
a large extent¥50%) during denaturing conditions and that
long-lived oxidants (e.qg., ferrylHb and tyrosyl radicals) are
probably involved.

Effect of Peroxynitrite/OxyHb Ratio on Globin Oxidadi
Modifications.There is evidence that peroxynitrite can form
a complex with heme compounds or hemoproteltis @7,
39), and it was therefore of interest to determine oxidative
modifications induced on globin by different oxyHb/peroxy-

to prevent undesired reactions of free SH groups. In all casesnitrite molar ratios. A convenient way to summarily inves-

CNBr hydrolysis was revealed to be instrumental in locating
the targeted residues (unpublished results). Modified CNBr

peptides were separated by HPLC and submitted to pro-

teolytic digestion. The fraction corresponding to nitrated
pB-chains showed the presence of a nitrated peptidel86.

tigate the extent of cross-linking and tyrosine nitration is by
immunoelectrophoretic methods.

Figure 2A shows the SDSPAGE pattern of purified
oxyHb (0.25-3 mM) treated with 1 mM ONOQO. Peroxy-
nitrite 1:1 or in excess to oxyHb induced dose-dependently
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Ficure 2: Modifications induced by peroxynitrite on oxyHb
detected by immunoelectrophoretic methods. (A) Electrophoretic
pattern of purified oxyHb (0.253 mM) treated with 1 mM
peroxynitrite in phosphate/DTPA/bicarbonate and visualized by Red
Ponceau S staining. Lanes-2, oxyHb/peroxynitrite molar ratios

of 0.25:1, 0.5:1, 0.7:1, 1:1, 2:1, and 3:1, respectively. Lanes 8 and
9, oxyHb treated with decomposed peroxynitrite at oxyHb/per-
oxynitrite molar ratios of 0.25:1 and 3:1, respectively. Lane 1, BSA
(2 mM) treated with 1 mM peroxynitrite in phosphate/DTPA/
bicarbonate. Lane 10, standards with molecular mass in kDa. (B)
Western blot analysis of gel A with anti-3-nitrotyrosine antibodies.
Each lane was loaded with 1@ of oxyHb. Proteins were separated
by 15% SDS-PAGE.

the formation of a new band at 3@5 kDa compatible with
cross-linked Hb dimers (Figure 2A, lanes-2). This band
was not due to SS bridges as the gels were run under
reducing conditions. The formation of dimers was not ob-
served in oxyHb treated with decomposed peroxynitrite
(Figure 2A, lanes 89). The same gel was submitted to
Western blot analysis with anti-3-nitrotyrosine antibodies,
and the results are shown in Figure 2B. Interestingly, nitrated
Hb bands were clearly evident at a 1:1 molar ratio or in
excess of peroxynitrite (Figure 2B, lanes®), whereas they
were virtually absent with oxyHb in excess (Figure 2B, lanes
6—7) or with oxyHb treated with decomposed peroxynitrite
(Figure 2B, lanes 89). The lack of nitration in samples with
oxyHb in molar excess to peroxynitrite was not an artifact
due to the “dilution” of the modified globins in excess of
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Ficure 3: Comparison of Hb dimer intensity and nitration in the
presence or in the absence of bicarbonate. Purified oxyHb was
treated with peroxynitrite at a oxyHb/peroxynitrite molar ratio of
0.25:1 and submitted to SDSAGE and Western blot analysis as

in the legend to Figure 1. HbHb dimer intensity and nitration
were estimated by densitometric analysis performed on dimer band
stained with Red Ponceau S (left) or after Western blot with anti-
3-nitrotyrosine antibodies (right). Band intensity was expressed as
a percentage of the value in the sample containing 25 mM
bicarbonate. Data are the mean valde$D, n = 3.

peroxynitrite interacts directly with oxyHb. This last scenario

is closer to the situation inside red cells {122 mM oxyHDb).

In a previous work, we suggested that ONOQC@as the
peroxide involved in the formation of tyrosyl radical(s) by
peroxynitrite 8). Further studies of tyrosyl radical yield at
different pCQ revealed that the radical, although signifi-
cantly enhanced by CQwas induced also by ONOO
(unpublished results). We therefore performed some experi-
ments in the absence of added bicarbonate. The omission of
bicarbonate significantly reduced both the intensity of the
dimers and the extent of their nitration. Dimers were clearly
observed at a 0.25:1 oxyHb/peroxynitrite molar ratio. A
comparison of Hb dimer intensity and dimer nitration in the
presence and in the absence of bicarbonate is shown in Figure
3. These results agree with the known ability of £i©
increase nitration and one-electron oxidations mediated by
peroxynitrite.

OxyHb Protects AlaTyr against Peroxynitrite-Mediated
Tyrosine Nitration. We first investigated the effects of
purified oxyHb in peroxynitrite/C@induced nitration of a
target dipeptide AlaTyr. The formation of 3-nitrotyrosine
was measured in the low molecular mass fractie8 kDa)
obtained by sample ultrafiltration. The results, summarized

oxyHb, because nitration was not detected even overloadingin Figure 4, showed that oxyHb was able to strongly decrease

the gel with 3Qug of Hb (results not shown). In molar excess
of peroxynitrite, nitrated bands with apparent molecular
weights compatible with the formation of nitrated Hb dimers
(30—35 kDa) and trimers (4550 kDa) were also detected
(Figure 2B, lanes 23). In agreement with MS results, the
addition of 500uM ascorbic acid 60 s after peroxynitrite

3-nitrotyrosine formation so that 0.2 mM oxyHb provided
50% inhibition, and a complete inhibition was observed at a
1:1 oxyHb/peroxynitrite ratio or in excess of oxyHb.
Decomposed peroxynitrite was unable to induce nitration of
Ala—Tyr either in the absence or in the presence of oxyHb.
Moreover, the effect of oxyHb cannot be ascribed to the

and before exposing the sample to denaturing conditionsheme-dependent nonenzymatic reduction of nitrotyrosine

reduced the formation of Hb dimers. OxyHb treated with
peroxynitrite at a 1:1 molar ratio and receiving ascorbate
showed an intensity of Hb dimers reduced by48%.
Owing to the comparable rate constant of peroxynitrite
for oxyHb and for CQ (k ~ 1 and 3x 10* Mt st at 25
°C, respectively)q, 12), it is important to stress that at low
oxyHb concentrations most of the peroxynitrite interacts with
CO,, thereby prompting the reaction of oxyHb with
ONOOCQ™, whereas at high oxyHb concentrations, more

(33), since the yield of 3-nitrotyrosine did not change when
oxyHb was added 60 s after peroxynitrite and Alyr
separated from oxyHb immediately or aft& h incubation
at 37°C (138+ 3 and 140+ 2 uM, respectivelyn = 3).
CO-Hb and metHb were significantly less efficient in the
protection of Ala-Tyr against peroxynitrite/C®mediated
tyrosine nitration, so that the concentration of Hb able to
induce 50% protection shifted to 2 and 1 mM, respectively
(Figure 4). These results point to a protective role of oxyHb
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[Hb] mM mediated nitration of membrane proteins. (A) Electrophoretic pattern
o ) o of membrane proteins from peroxynitrite-treated ghosts visualized
Ficure 4: Effects of oxyHb on peroxynitrite-mediated nitration by Coomassie staining. Lane 1, untreated ghosts. Lane 2, ghosts
of Ala—Tyr. Ala—Tyr (1 mM) was treated with peroxynitrite (1  (protein, 0.8 mg/mL) treated with 1 mM peroxynitrite in phosphate/
mM) in phosphate/DTPA/bicarbonate in the presence of different DTPA/bicarbonate. (B) Western blot analysis with anti-3-nitroty-
concentrations of oxyHbd), metHb @), and CO-Hb 7). Ala— rosine antibodies of erythrocyte ghosts resealed witf9.6 mM
Tyr and oxyHb treated with 1 mM decomposed peroxynit®.(  oxyHb. Lane 1, untreated ghosts. Lanes72 ghosts treated with
Points represent mean valdeSD, n = 4. 1 mM peroxynitrite in phosphate/DTPA/bicarbonate and containing
0, 0.1, 0.15, 0.2, 0.3, and 0.6 mM oxyHb, respectively. Lane 8,
160- ghosts treated with decomposed 1 mM peroxynitrite. Lane 9,
A — T purified oxyHb (0.5 mM) treated with 1 mM peroxynitrite. Proteins
° were separated by-515% SDS-PAGE.

120+

protection in the absence of a significant diffusion of per-
80 oxynitrite inside the cell. The remarkable difference observed
between free oxyHb and oxyHb in erythrocytes (compare
% Figures 4 and 5) suggests that in the presence of 6©
membrane may represent a diffusional barrier for peroxyni-
- . trite, a result previously anticipated, 12.
0 2 4 6 OxyHb Protects Membrane Proteins against Peroxynitrite-
[oxyHb] mM Mediated Nitration. To investigate whether oxyHb can
FIGURE 5: Effects of erythrocytes on the nitration of ATyr by protect membrane proteins from peroxynitrite-dependent
peroxynitrite. Ala-Tyr (1 mM) in phosphate/DTPA/bicarbonate  nitration and to separate the contribution of oxyHb from that
\évizstfge;t%? VDVilt[f)lg?rfeogtyefgtgtret(hlr(?;'\?();’notgi Prfsssggg gfoify;hbro' of other intracellular compounds, we entrapped purified
cgncentration. Erythrocytes yand Xcla'yr tregted with 1 n¥M oxyHb inside the ghosts and, after yvashlng out the unin-
decomposed peroxynitrit@lj. Points represent mean valteSD, corporated Hb, treated the ghosts with 1 mM peroxynitrite
n=4. in phosphate/DTPA/bicarbonate. Treatment of erythrocytes
with peroxynitrite/CQ did not induce significant changes
mediated by a reaction between oxygenated Fe(l)heme andn the SDS-PAGE pattern of membrane proteins under
peroxynitrite and not to the trapping by globin amino acid reducing conditions (Figure 6A, compare lanes 1 and 2).
residues of peroxynitrite-dependent reactive species. However, Western blot analysis with anti-3-nitrotyrosine
We then investigated the effect of the addition of oxygen- antibodies showed significant nitration in bands with apparent
ated erythrocytes on peroxynitrite/G@ediated nitration of molecular weights corresponding to all the major membrane
Ala—Tyr. As shown in Figure 5, the yield of 3-nitrotyrosine  proteins such as/$ spectrin (226-210 kDa), band 3 (100
decreased by increasing cell density with a 50% protection kDa), and proteins 4:34.2 (80-75 kDa), witha/s spectrin
at a cell density corresponding t88% hematocrit (6.8 MM apparently more heavily nitrated. No nitration in bands
as heme). At 8 mM oxyhemoglobin (about the physiologic corresponding to actin (43 kDa) or glyceraldehyde-3-
42—45% hematocrit), the nitration of Atalyr was reduced phosphate dehydrogenase (37 kDa) was observed. As ex-
by 65%. Control experiments showed that nitrotyrosines were pected, no nitration was observed in untreated ghosts (Figure
not released from erythrocytes because of peroxynitrite 6B, lane 1) or in ghosts treated with 1 mM decomposed
treatment, since the omission of Aldyr did not result in peroxynitrite (Figure 6B, lane 8). Interestingly, 6:0.6 mM
the detection of 3-nitrotyrosine (02 0.18uM, n = 6). oxyHb trapped inside the ghosts provided dose-dependent
At pH 7.4, about 80% of peroxynitrite is present as protection against peroxynitrite-mediated protein nitration,
ONOO (40) and thus crosses the erythrocyte membrane and at the same time, a nitrated band corresponding to Hb
mainly through the band 3 anion exchange protéid, 40. was observed (Figure 6B, lanes 3). A faint nitrated band
The band 3 exchanger is easily modified by stilbene deriv- with an apparent molecular mass of-386 kDa was also
atives such as DIDS, which, by binding to a lysine residue, observed in the sample containing 0.6 mM trapped oxyHb
inhibits the anion exchange procegkl)( To demonstrate  (Figure 6B, lane 7). Comparison of this nitrated band with
whether the inhibitory effect of erythrocytes was due to the purified oxyHb treated with peroxynitrite (Figure 6B, lane
scavenging of peroxynitrite diffusing inside the cell, we pre- 9) suggests the possible formation of cross-linked Hb dimers.
treated the erythrocytes with DIDS. DIDS-modified eryth- The inhibitory effect of oxyHb cannot be ascribed to heme-
rocytes were unable to protect Aldyr against peroxynitrite-  and thiol-dependent nonenzymatic reduction of 3-nitroty-
mediated nitration (Figure 5), thus confirming the lack of rosine to 3-aminotyrosingB), since the intensity of nitrated

[3-Nitrotyrosine] uM

40

[} |



Peroxynitrite and Hemoglobin Biochemistry, Vol. 39, No. 22, 2006695

bands did not change when 1 mM oxyHb was added to completely rule out the possibility that a small amount of
peroxynitrite-treated ghosts a few minutes after peroxynitrite cross-linkings may occur following peroxynitrite treatment.
(results not shown). Collectively, our MS results show a major targeting of

Treatment of Intact Red Blood Cells with Peroxynitrite. Peroxynitrite to a few buried tyrosine residues, whereas no
Western blot analysis showed no evidence of nitrotyrosine hitration of the most available tyrosines was observed. As
formation either in membrane proteins or in the hemolysate indicated by the higher nitration yield (Table 1), we suggest
obtained from erythrocytes (0.785% hematocrit, 0.15 that peroxynitrite oxidizes the heme to ferrylHb that, through
3.0 mM as heme) treated with-# mM peroxynitrite (results ~ ET processes, oxidizes tyrosyl residues centerea4shand
not shown). In these samples, the Giias always in excess ~ f130. However, the hypothesis that these tyrosines are
to peroxynitrite (from 1.3 to 5 mM). involved in ferrylHb needs be confirmed by further studies
with peroxides that are not reactive nitrogen species.

Our immunoblotting results revealed that nitration of
. ) o tyrosine residues sharply increased when peroxynitrite was

One of the tyrosines nitrated by peroxynitriteci$yr42, in molar excess, disproving a catalytic role of oxyHb. One
the tyrosine nearest to the-heme and, for this reason, can postulate that a major difference with P456s that
supposed to bg involved in tyrosyl radical generated by oxyHb does not form a ferryi*"NO, complex @1) because
hydrogen peroxide37). Examination of the crys_tal structure  the reacting species is oxygenated Fe(ll)heme instead of
revealed that thea-heme-Tyr42 shortest distance was Fe(jl)heme. The formation of ferrylHb from Fe(ll) suggests
compatible with van der Waals contaet4 A). Assuming 5 peroxynitrite-mediated two-electron oxidation mechanism

the same structure in the crystal and in solutid@) it is that would be expected to form the less reactive,N@nion
conceivable to suggest that th@yr42 radical may be due  (eqs 1-2) rather than theNO, radical.

to an ET process from this tyrosyl group to ferryHb, since
donor-to-acceptor distance is of primary concern in E3).(
However, ther-orbitals ofaTyr42 are almost perpendicular

to the unsaturated heme system, and this relative orientation

has been shown to slow the ET kinetically, which, on the The formation of 3-nitrotyrosines is ascribed to the fraction
contrary, is favored by a coplanar donor-to-acceptor orienta- of peroxynitrite escaping reactions 1 or 2 and fornfiNg,.
tion (44). The unfavorable orientation ofTyr42 suggests a  Thjs radical may originate from one-electron oxidation of
role for other residue(s) as intermediaries or suggests aHb(FeV=0) by peroxynitrite (eq 3 or 4) or during
geometry of ferrylHb different from that of oxyHb. Oxidized oNnOOCG- decay to nitrate (egs 5 and 6).
and reduced hemoproteins often have different conforma-
tions, which also play a key role in EBY).

There is some preliminary EPR evidence that more than
one tyrosyl radical species is formed in ferrylHB8( 37).
MS results also suggest thatyr130 and, to a lesser extent,
oTyr24 can form tyrosyl radicals as deduced by peroxyni-
trite-mediated nitration. Th@Tyrl30 is relatively distant
from the p-heme (10.5 A), but examination of residues
neighboring thes-heme revealed the presenceAifhe71
(shortest distance to heme4 A), which forms a “hydro-
phobic area” Phe7Trp15-Tyrl130 with each residue
spaced by 45 A and possibly involved in coupling with
B-heme. Interestingly, the orientation oforbitals of these
residues is roughly coplanar to tjfeheme. in vitro but unlikely in vivo (17-22 mM oxyHb inside the

The aTyr24 ring, which is about 10 times less nitrated erythrocyte).
than the other tyrosines, is also largely buried and relatively The proposed difference between oxyHb and R450
distant from theox-heme (10.8 A), but its hydroxyl group is  would imply that the Fe(ll)heme of metHb can instead
external ¢6), potentially exposing it to a direct attack by catalyze tyrosine nitration, but this effect was not observed
peroxynitrite. Nevertheless, ET can take place over distances(Figure 4). Probably, one reason may be the inability of

DISCUSSION

Hb (Fellog) + ONOO™ + HpO — Hb(FelV=0) + NOp~ + Op + OH- + H* 1)

Hb (Fe!lop) + ONOOCOy™ + HpO - Hb(FelV=0) + NOy™ + O + HCOg™ + H  (2)

Hb(FelV=0) + ONOOCOy"  —# Hb®(Fe!V=0) + °NO + HCOg

Hb(FelV=0) + ONOO- — Hb*(Fe!V=0) + *NOp + OH" “

/' NO3™ + CO2
ONOOCO,~ <4 [*NOp -+ CO3™]
Caged radicals \ *NO, + CO3*
Free Radicals

5

Scavengers

—»  Products (6)

Finally, the*NO, recombines with tyrosyl radicals to form
3-nitrotyrosines or, together with GO, can be involved in
one-electron oxidations of Hb to increase radical formation
including the tyrosyl radical. Reactions-8 are favored by
peroxynitrite in molar excess to oxyHb and are thus possible

greater than 10 A4@), so that a coupling witlx-heme cannot

metHb to form ferrylHb 28). Characterization of the metHb

be discounted by the current data. The most exposed tyrosingeaction is underway, but our unpublished results show that

residues of oxyHb are the penultimat€yr140 and3Tyr145,
which are neither involved in tyrosyl radical formatia2gj

nor detectably nitrated. Moreover, the nonnitratéicyr140,
pTyr35, andfTyrl45 are not far from the respective heme
groups (8.8, 7.0, and 8.6 A). These data confirm previous
studies showing that tyrosine residues targeted for nitration

cannot be simply predicted on the basis of solvent acces-

sibility (47) or on the distance from metal centei24).

Ascorbate inhibition experiments showed that dityrosine and
disulfide cross-linkings were largely due to post-addition
oxidations during denaturing conditions, although we cannot

metHb after treatment with equimolar tetramethylammonium
peroxynitrite/CQ forms 60% less tyrosyl radical(s) as
compared to oxyHb and shows a different radical dose-
dependency.

We observed that erythrocytes were less effective at
inhibiting Ala—Tyr nitration than free oxyHb. However, it
is wrong to conclude that erythrocytes do not represent a
significant target for peroxynitrite in blood. In fact, the
protection of Ala-Tyr from peroxynitrite-mediated nitration
at the physiologic 45% hematocrit was as high as 65%.
Therefore, taking into consideration the obvious in vitro
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limitations, it could be estimated that about three-fifths of
extracellular peroxynitrite may be scavenged by erythrocytes,
in good agreement with previously published theoretical
model and experimental result4gj. This “sink” function

of red cells is remarkably facilitated by the huge amount in
the membrane of band 3 (12 10° copies/cell), which is
the major intrinsic membrane protein and the major route
of peroxynitrite anion transportlg, 40.

Moreover, oxyHb provides powerful protection against
peroxynitrite-mediated tyrosine nitration of membrane pro-
teins. Although oxyHb trapped inside ghosts did not exceed
0.6 mM as heme, extrapolation to its physiologic concentra-
tion strongly suggests that it may give a complete protection
of membrane proteins from peroxynitrite-mediated tyrosine
nitration, a conclusion supported by the lack of tyrosine
nitration in intact erythrocytes treated with peroxynitrite /CO

In tissues, a major effect of GOs to limit, at least in
part, the effects of peroxynitrite to the cellular compartment
in which it is generated. The fraction of peroxynitrite that
decays extracellularly is expected to modify extracellular
targets and also to provide transmembrane redox signals,
which may occur without crossing of the plasma membrane
by the oxidant49—52). For instance, in peroxynitrite-treated
erythrocytes, we observed the up-regulation of phosphoty-
rosine signaling 3) under conditions in which>80% of
peroxynitrite reacts with C@and decays extracellularg®).

The up-regulation of tyrosine kinases increased the phos-
phorylation of band 3 cytoplasmic domaiB4j, a domain
that binds and inhibits three major enzymes involved in
glycolysis 64). The phosphorylation of band 3 reverses this
binding and allows enzyme activatidbs). The up-regulation

of glycolysis supplies the cofactor NADH crucial to maintain
reduced Hb. Since the peroxynitrite/oxyHb reaction forms
mainly metHb (2, 23, 28, 48 the phosphotyrosine signaling
completes the cellular process involved in the inactivation
of this oxidant.

We conclude that oxyHb is a peroxynitrite scavenger of
physiologic relevance, and this pathway protects blood and
vascular targets from oxidation/nitration. An important
inhibitory role of erythrocytes in inflammatory reactions
mediated by peroxynitrite is predictable.
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