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Carlos Batthya´ny,‡,§ JoséM. Souza,‡ Rosario Dura´n,§ Adriana Cassina,‡ Carlos Cerven˜ansky,§ and Rafael Radi*,‡

Departamento de Bioquı´mica and Center for Free Radical and Biomedical Research, Facultad de Medicina, UniVersidad de la
República, MonteVideo, Uruguay, and Unidad de Bioquı´mica Analı´tica, Instituto de InVestigaciones Biolo´gicas Clemente

Estable, MonteVideo, Uruguay

ReceiVed December 3, 2004; ReVised Manuscript ReceiVed April 12, 2005

ABSTRACT: Cytochromec-dependent electron transfer and apoptosome activation require protein-protein
binding, which are mainly directed by conformational and specific electrostatic interactions. Cytochrome
c contains four highly conserved tyrosine residues, one internal (Tyr67), one intermediate (Tyr48), and
two more accessible to the solvent (Tyr74 and Tyr97). Tyrosine nitration by biologically-relevant
intermediates could influence cytochromec structure and function. Herein, we analyzed the time course
and site(s) of tyrosine nitration in horse cytochromec by fluxes of peroxynitrite. Also, a method of purifying
each (nitrated) cytochromec product by cation-exchange HPLC was developed. A flux of peroxynitrite
caused the time-dependent formation of different nitrated species, all less positively charged than the
native form. At low accumulated doses of peroxynitrite, the main products were two mononitrated
cytochromec species at Tyr97 and Tyr74, as shown by peptide mapping and mass spectrometry analysis.
At higher doses, all tyrosine residues in cytochromec were nitrated, including dinitrated (i.e., Tyr97 and
Tyr67 or Tyr74 and Tyr67) and trinitrated (i.e., Tyr97, Tyr74, and Tyr67) forms of the protein, with
Tyr67 well represented in dinitrated species and Tyr48 being the least prone to nitration. All mono-, di-,
and trinitrated cytochromec species displayed an increased peroxidase activity. Nitrated cytochromec in
Tyr74 and Tyr67, and to a lesser extent in Tyr97, was unable to restore the respiratory function of
cytochrome c-depleted mitochondria. The nitration pattern of cytochromec in the presence of
tetranitromethane (TNM) was comparable to that obtained with peroxynitrite, but with an increased relative
nitration yield at Tyr67. The use of purified and well-characterized mono- and dinitrated cytochromec
species allows us to study the influence of nitration of specific tyrosines in cytochromec functions.
Moreover, identification of cytochromec nitration sites in vivo may assist in unraveling the chemical
nature of proximal reactive nitrogen species.

Cytochromec is a small globular protein localized in the
intermembrane space of mitochondria, where it participates
as a redox partner in mitochondrial electron transport (1).
In addition, when released to the cytosol, it is involved in
the apoptosis pathway (2). Binding and interaction of
cytochromec with other proteins are largely directed by
electrostatic forces; e.g., the association of this positively
charged protein (pI∼10) with negatively charged interfaces
is a relevant known phenomenon (3). Post-translational
modifications in cytochromec can generate a change in the
global or local charge distribution and may be associated
with significant functional consequences (4, 5). In this regard,
nitration of tyrosine residues may have a strong influence
on cytochromec structure and function (6, 7).

Peroxynitrite (ONOO-/ONOOH,1 pKa ) 6.8) is a strong
oxidant and nitrating agent, produced in vivo after the

diffusion-controlled reaction between nitric oxide and su-
peroxide, and affects mitochondrial homeostasis. Indeed,
peroxynitrite can diffuse from extramitochondrial compart-
ments into the mitochondria or be formed in situ, where it
undergoes direct and free radical-dependent target molecule
reactions (8). At the molecular level, the predominant
outcomes of peroxynitrite reactions in vivo are one- or two-
electron oxidations and nitrations (9). The presence of protein
3-nitrotyrosine in cell cultures and tissues has been often
considered a marker of peroxynitrite production, although
3-nitrotyrosine is not solely a product of peroxynitrite (10,
11).

Addition of a nitro (-NO2) group to tyrosine lowers the
pKa of its phenolic hydroxyl group by 2-3 units and adds a
bulky moiety (12). When nitration takes place in relevant
tyrosines, it may alter protein function and conformation.
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Nitrated and inactivated MnSOD is found in acute and
chronic inflammatory processes in both animal models and
human diseases (13, 14), being a prime example of the loss
of enzyme activity associated with nitration. Alternatively,
tyrosine nitration may induce a “gain of function”, in which
case a small fraction of nitrated protein can elicit a substan-
tive biological signal (15). This attractive concept has been
demonstrated for a few proteins such as cytochromec, which
acquires a strong peroxidase activity after nitration (7), and
nitrated fibrinogen, which accelerates clot formation (16).
Additionally, increased levels of tissue protein 3-nitrotyrosine
may serve as potential autoantigens (17).

Cytochromec is present at high concentrations in the
intermembrane space (>1 mM) (18), thus being a potential
relevant target of peroxynitrite in mitochondria (7). Reduced
cytochromec (ferrous or cytochromec2+) undergoes a direct
one-electron oxidation by peroxynitrite (k ) 2.5× 104 M-1

s-1) (19), while ferric cytochromec (oxidized cytochromec
or cytochromec3+) is nitrated by reactions with peroxynitrite-
derived radicals (7). Moreover, in the presence of H2O2,
cytochromec can be also nitrated by nitrite (20) or •NO (21)
via peroxynitrite-independent mechanisms. Different obser-
vations indicate that excess mitochondrial reactive nitrogen
intermediates lead to the nitration and release of cytochrome
c (22, 23), and nitrated cytochromec3+ has already been
detected in vivo (24).

Cytochromec nitration by peroxynitrite (7) and tetrani-
tromethane (TNM) has been previously studied (6, 25).
Indeed, early work indicated that exposure to an excess of
TNM resulted in tyrosine nitration (mainly at Tyr67), and
this was accompanied by changes in cytochromec physi-
cochemical properties and respiratory function (6, 25).
Similarly, peroxynitrite caused nitration of cytochromec,
leading to a dose-dependent loss of Met80-heme iron
interactions and an increase in peroxidase activity and making
the protein resistant to reduction by ascorbate (7). Addition-
ally, peroxynitrite-treated cytochromec loses its electron
transport capacity in the mitochondrial inner membrane (7).

In our previous work, a 10-fold excess of peroxynitrite
over the protein induced formation of mono-, di-, and
trinitrated species (7), but mass spectrometry analysis just
allowed the identification of two nitration sites, namely, at
Tyr67 and Tyr48 (7). During these studies, nitration sites
were assessed on a cytochromec treated with a high initial
concentration of peroxynitrite, and the whole mixture was
digested and analyzed without previous purification of the
main nitrated products. Moreover, due to the presence of
remaining unmodified cytochromec after peroxynitrite
treatment, the approach limited the conclusions concerning
the functional consequences of cytochromec nitration (7).

Herein, we further characterized the nitration of cyto-
chromec by (a) utilizing physiologically-relevant fluxes of
peroxynitrite in the absence and presence of carbon dioxide
and (b) applying a different analytical strategy, through the
initial purification of the main reaction products, subsequent
study of the nitration site(s), and the functional consequences
of each specific modification. This approach revealed
preferential sites of tyrosine nitration of cytochromec by
peroxynitrite and also disclosed the influence that each
nitrated tyrosine had on specific functional properties of
cytochromec.

EXPERIMENTAL PROCEDURES

Chemicals. Horse heart cytochromec (C-7752) was
obtained from Sigma. This cytochromec preparation was
selected because it is purified without the use of trichloro-
acetic acid, which otherwise leads to substantial amounts of
deamidated and polymeric forms (26). The purity of the
cytochromec preparation used herein was>95% as deter-
mined by chromatographic, spectroscopic, electrophoretic,
and mass spectrometric criteria. 2,2-Azinobis(3-ethylbenz-
thiozoline-6-sulfonic acid) diammonium salt (ABTS), dieth-
ylenetriaminepentaenoic acid (DTPA), and horseradish per-
oxidase were also obtained from Sigma. Sequencing grade
modified trypsin was obtained from Promega. Tetrani-
tromethane (TNM) was obtained from Fluka, and hydrogen
peroxide was obtained from Baker. All other reagents were
analytical-grade. Rabbit polyclonal antibody raised against
protein 3-nitrotyrosine was purified in our laboratory as
described elsewhere (27). Peroxynitrite was synthesized,
quantitated, and handled as previously described (28).

Cytochrome c Nitration. Nitration of cytochromec3+ was
performed by reaction with either peroxynitrite or TNM.
Peroxynitrite was added to cytochromec3+ (200 µM or 1
mM) in 200 mM potassium phosphate and 100µM DTPA
at pH 7.0 and 25°C as a bolus (2 mM, 10-fold excess over
cytochromec) or as a continuous flux (0.13 mM min-1) using
a motor-driven syringe (SAGE Instruments, Boston, MA)
as described previously (29), under vigorous vortexing or
stirring, respectively, to circumvent mixing artifacts. The pH
was controlled at the end of the reaction and was always
below 7.4. In some experiments, NaHCO3 (25 mM) was
added, to test the effect of carbon dioxide (in equilibrium
with bicarbonate) that plays a modulatory role in peroxyni-
trite-dependent nitration reactions in vivo because of the
intermediate formation of carbonate and nitrogen dioxide
radicals (15). TNM (40 mM) was added to cytochromec3+

(1 mM) in 0.1 M Tris-HCl and 0.1 M KCl (pH 8.0) at room
temperature, and the reaction was followed for up to 30 min.
The reaction was stopped by passing the mixture through a
desalting column (HiTrap, 5 mL, Amersham Biosciences)
equilibrated with 0.1 M Tris-HCl and 0.1 M KCl (pH 8.0).

Biochemical Analyses.Peroxidase activity was assayed
with 1.3 mM ABTS and 1.2 mM H2O2 at 20 °C with the
addition of native or nitrated cytochromec (0.6 µM) in 100
mM potassium phosphate and 100µM DTPA (pH 7.2).
ABTS oxidation was followed at 420 nm [ε ) 36 mM-1

cm-1 (30)]. All kinetic measurements were performed and
absorption spectra recorded in a Shimadzu UV-2401 PC
spectrophotometer. Protein concentrations were determined
by the bicinchoninic acid (BCA) method (31).

HPLC Purification of Cytochrome c Nitration Products.
Reaction mixtures after treatment of cytochromec with
peroxynitrite or TNM were analyzed at different times by
cation-exchange HPLC using a sulfopropyl-TSK column (7.5
mm × 75 mm; Tosoh Biosep). The flow rate was 0.7 mL
min-1, and the column was equilibrated with 10 mM
ammonium acetate (pH 9.0). Products were separated using
a linear gradient of ammonium acetate (pH 9.0) from 10 to
400 mM over the course of 50 min.

Tryptic Digestion and Peptide Mapping.Cytochromec3+

samples (control and peroxynitrite-treated) previously puri-
fied by cation-exchange HPLC were lyophilized and resus-
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pended in 100 mM ammonium bicarbonate (pH 8.3).
Cleavage was carried out with sequencing-grade modified
trypsin in a 1:100 ratio (w/w) at 37°C for 16 h. Peptides
were separated and purified by RP-HPLC (LKB binary
system) using an octadecyl-silica gel reverse-phase column
(5 µm, 2.1 mm × 150 mm, 300 Å, Vydac) with UV
detection. Solvent A was 0.1% trifluoroacetic acid, and
solvent B was 0.07% trifluoroacetic acid in acetonitrile.
Peptides were eluted using an increasing linear gradient of
solvent B from 0 to 45% in 90 min with a flow rate of 0.25
mL/min and spetrophotometric detection at 220 and 365 nm.
All peptide fractions in control, peroxynitrite-treated, and
TNM-treated cytochromec3+ were collected manually and
submitted for molecular mass determination.

Mass Spectrometry Studies.MALDI-TOF-MS was carried
out in a Voyager DE PRO system (Applied Biosystems,
Foster City, CA), equipped with a N2 laser source (λ ) 337
nm). Mass spectra were acquired for positive ions in the
linear and reflector modes. For whole molecular mass
determinations, 10µL of native, peroxynitrite-treated, or
TNM-treated cytochromec (200µM) was mixed with 5µL
of reverse-phase Poros R2 suspension and the mixture stirred
for 10 min at room temperature. After centrifugation, the
pellet was washed with 0.1% TFA (3× 100 µL). Proteins
were eluted by adding the matrix solution [sinapinic acid,
10 mg/mL in 50% acetonitrile (ACN), 0.2% TFA]. After
centrifugation, the supernatant was applied to the stainless
steel sample plate. Similarly, peptides from RP-HPLC
fractions were concentrated under a nitrogen stream and
analyzed by MALDI-TOF-MS usingR-cyano-4-hydroxy-
cinnamic acid as the matrix. Peptide masses were measured
in the reflector mode with an accuracy close to 50 ppm
attained with internal mass calibration using characteristic
cytochromec tryptic peptides as mass standards.

Electrophoretic Analysis.Samples of control, TNM-
treated, and peroxynitrite-treated cytochromec were sepa-
rated by electrophoresis on SDS-15% polyacrylamide gels
and analyzed after blotting (20 mA, 16 h) to nitrocellulose
membranes (pore size, 0.45 mm; Hybond-C extra; Amer-
sham). Nonspecific binding sites were blocked for 1 h with
5% bovine serum albumin, 50 mM Tris-HCl, 150 mM NaCl,
and 0.6% Tween 20 (pH 7.4). Nitrocellulose membranes
were probed with rabbit polyclonal antibody against nitro-
tyrosine (1:1000 dilution) in blocking buffer for 1 h (27).
After being extensively washed in 50 mM Tris-HCl, 150

mM NaCl, and 0.6% Tween 20 (pH 7.4), the immunocom-
plexed membranes were further incubated (1 h) with 1:6000
horseradish peroxidase-conjugated donkey polyclonal anti-
rabbit IgG antibodies. Probed membranes were washed in
blocking buffer containing 0.3% Tween 20, and the immu-
noreactive protein was detected by luminol-enhanced chemi-
luminescence (ECL, Amersham).

Mitochondrial Preparation and Respiration Assay.Intact
rat heart mitochondria isolation and cytochromec extraction
were carried out as described previously (7). The respiratory
control ratio for complex II-dependent respiration was
evaluated with succinate (5 mM) and typically ranged
between 3 and 5. The concentration of cytochromec was
determined by measuring the absorbance at 410 nm [ε )
106 mM-1 cm-1 (32)]. Typically, 0.7 ( 0.1 nmol of
cytochromec per milligram of mitochondrial protein was
extracted. When the sample was replenished with either
native or nitrated cytochromec, the same amount was
supplemented. Oxygen consumption was assessed in a 1.6
mL water-jacketed chamber using a Clark electrode as
previously described (7).

RESULTS

Peroxynitrite-Mediated Cytochrome c Modification and
Nitration. Cytochromec (200 µM) was subjected to bolus
addition of peroxynitrite (2 mM). The half-life of peroxyni-
trite under these experimental conditions is∼3 s, and
therefore, the reaction was completed in less than 30 s (9).
The treatment resulted in the generation of at least one
product differing by 45 Da from the parent protein (mass
shift from 12 361.1 to 12 405.8 Da; see panels A and B of
Figure 1), consistent with the addition of one nitro group
per molecule of cytochromec. Moreover, mass signals at
12 389 and 12 373 Da were also detected (see Figure 1B,
arrows), in agreement with the fragmentation pattern ob-
served when nitrated molecules are analyzed by MALDI-
TOF (33).

Time Course of Peroxynitrite-Mediated Cytochrome c
Nitration. According to the protocol described above, it is
not possible to take samples at different time points. Thus,
to follow the time course of cytochromec nitration under
conditions that more closely mimic a sustained exposure to
steady-state levels of peroxynitrite, cytochromec (1 mM)
was treated with an infusion of peroxynitrite (0.13 mM
min-1). The ease with which cytochromec can be chro-

FIGURE 1: MALDI-TOF mass spectrum of native (A) and peroxynitrite-treated (B) cytochromec. Cytochromec (200 µM) in 200 mM
potassium phosphate buffer and 100µM DTPA (pH 7.0) was subjected to a bolus addition of peroxynitrite (2 mM).
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matographed on cation exchangers and the extreme sensitiv-
ity of the chromatographic behavior to changes in charge
distribution at the molecular surface and/or net charge (1)
prompted us to analyze the reaction mixture by cation-
exchange HPLC. This approach allowed us not only to easily
separate the two redox forms of cytochromec (i.e., ferric
and ferrous cytochromec) present in commercial preparations
but also to separate different species displaying less positive
net charge (Figure 2A) that were time-dependently formed
during the infusion of peroxynitrite. Early reaction products
(peaks B and C) showed an increase of 45 Da in molecular
mass, compatible with the addition of a nitro group per
molecule (Table 1 and Figure 2B). Products with a shift of
90 Da (Figure 2, peak D, and Table 1) and 135 Da (Figure
2, peak E, and Table 1) were also formed but at higher doses
of peroxynitrite (longer infusion times), suggesting the
formation of di- and trinitrated derivatives. Importantly, the
decrease in the amount of native form (peaks A and A′,
Figure 2) correlated almost quantitatively with the increase
in the levels of the nitrated forms over time (peaks B-E,
Figure 2). For example, after peroxynitrite infusion for 30
min, 205 µg out of 600µg of total cytochromec protein
injected into the HPLC system was present as cytochrome
c3+ (peak A), with the rest mainly evolving to mono-, di-,
and trinitrated forms (161, 52, 51, and 66µg in peaks B-E,
respectively). Main products of the reaction were also
analyzed immunochemically using a previously characterized
anti-nitro-Tyr antibody (27) (peaks B-E, Figure 2C), and
confirmed that each of the products was nitrated.

Identification of Cytochrome c Nitration Sites after Reac-
tion with Peroxynitrite.Each main product collected from
cation-exchange chromatography (Figure 2, peaks A-E) was
desalted and digested with trypsin before being analyzed and
separated by RP-HPLC (Figure 3). Peptide mapping of each
product was different from that of the native protein (B-E
vs A). The presence of new peptides also absorbing at 365
nm (numbered peaks in Figure 3, not shown) was compatible
with the formation of nitrotyrosine-containing products (34).
HPLC peptide fractions were analyzed by MALDI-TOF-MS.
The mass spectrum of peptide 1, the 365 nm-absorbing
peptide identified in the tryptic digestion of the main
mononitrated cytochromec species (Figure 3B), exhibited a
mass signal of 1009.2 Da (Figure 4 and Table 2) that could

FIGURE 2: Time course of peroxynitrite-mediated cytochromec modification. Cation-exchange HPLC purification and analysis of products
by MALDI-TOF and immunochemistry. Cytochromec (1 mM) in 200 mM potassium phosphate buffer and 100µM DTPA (pH 7.0) was
treated with an infusion of peroxynitrite (0.13 mM min-1). (A) The reaction mixture (600µg of protein) was analyzed at different time
points by cation-exchange HPLC. (B) MALDI-TOF mass spectrum of an early product (peak B in panel A), with a mass increased by 45
Da compared to that of the native protein (the same result was obtained for peak C in panel A; data not shown). (C) Western blot analysis
of the main products of peroxynitrite-treated cytochromec. Five micrograms of each fraction in panel A was run on a SDS-15% PAGE
gel and examined by Western blot analysis using an anti-nitro-Tyr antibody.

Table 1: Molecular Masses of Peroxynitrite-Treated Cytochromec
Products Obtained from Cation-Exchange HPLC Shown in Figure 2

peak molecular mass (Da) assignment

A 12 361 native cytochromec3+

A′ 12 361 native cytochromec2+

B 12 406 mononitrated
C 12 405 mononitrated
D 12 452 dinitrated
E 12 495 trinitrated

FIGURE 3: RP-HPLC separation of trypsin-digested native and
peroxynitrite-treated cytochromec. Each of the main products
collected from the cation-exchange chromatography (peaks A-E
in Figure 2) were desalted and digested with trypsin in 0.1 M NH4-
HCO3 (pH 8.3) for 24 h at 20°C. Digestion mixtures of peaks
A-E were analyzed by RP-HPLC with UV detection at 220 nm
(shown in the figure) and 365 nm (not shown). All peptides were
collected manually and their masses measured by MALDI-TOF.
Labeled peaks also absorb at 365 nm.

Peroxynitrite and Cytochromec Tyrosine Nitration Biochemistry, Vol. 44, No. 22, 20058041



be assigned to peptide92EDLIA97YLK 99 plus 45 Da. In
addition, a fragmentation pattern characteristic of nitropep-
tides was also observed (33). The same triplet of peaks was
observed in all peptides with absorbance at 365 nm (peptides
2-4 in Figure 3; also see Table 2). Post-source decay
sequencing by mass spectrometry confirmed a tyrosine
residue as the nitration site (Table 2). In the other mononi-
trated cytochromec species (peak C, Figure 2A), a different
nitrated peptide was identified (peptide 2 in Figure 3C)
corresponding to the74YIPGTK79 peptide. Thus, at least two
different mononitrated cytochromec species were formed
at low doses of peroxynitrite: nitro-Tyr97 and nitro-Tyr74
cytochromec. On the other hand, when we analyzed the di-
and trinitrated species (peaks D and E in Figure 2), three
and four different tyrosine-containing nitrated peptides were
found, indicating that all four tyrosine residues were nitrated
by peroxynitrite in different dinitrated (i.e., Tyr97 and Tyr67
or Tyr74 and Tyr67) and trinitrated (i.e., Tyr97, Tyr74, and
Tyr67) products. While nitrotyrosine 67 was well represented
in dinitrated species, nitrotyrosine 48 was primarily contained
in trinitrated forms of cytochromec only (peptide 4 in Figure
3E and Table 2). Importantly, at the cytochromec and
peroxynitrite concentrations that were utilized, the nitration
pattern was similar when 25 mM bicarbonate was added (not
shown), in line with the comparable extents of peroxynitrite-
dependent cytochromec nitration and spectroscopic changes
reported before the modulatory action of carbon dioxide had

been evaluated (7). To note, at high peroxynitrite concentra-
tions (>4 mM total dose), small amounts of nitro-Trp59 were
also found, consistent with the possibility of tryptophan
nitration by peroxynitrite (35).

Cytochrome c Nitration by TNM and the Effect of Cyanide.
Cytochrome c (1 mM) in the absence or presence of
potassium cyanide (100 mM) was treated with TNM (40
mM). Samples were taken at different reaction times and
analyzed by Western blotting against anti-nitro-Tyr. A time-
dependent level of nitration was observed, but surprisingly,
potassium cyanide increased TNM-dependent cytochromec
nitration (Figure 5). To further characterize nitration of
cytochromec (1 mM) by TNM, early reaction products (5
min) were separated and purified by cation-exchange HPLC
(Figure 6, panel I, peaks B-D). After desalting, the fractions
were digested with trypsin and subjected to analysis by RP-
HPLC (Figure 6, small panels). Peptides were collected
manually and studied by MALDI-TOF-MS (see Table 2).
Main reaction products of cytochromec treated with TNM
for 5 min were identified as two different mononitrated
cytochromec species (peak C in Tyr74 and peak B in Tyr67)
as well as a single dinitrated cytochromec at Tyr74 and
Tyr67 simultaneously (peak D).

Functional Consequences of Cytochrome c Nitration:
Peroxidase ActiVity and Electron Transport Capacity of
Nitrated Cytochromes.To assess the functional consequences
of cytochromec nitration, we first analyzed the peroxidase

Table 2: Monoisotopic Molecular Masses of Nitrated Peptides and Identification of Nitration Sites by Post-Source Decay Analysis

peptide
theoretical mass
(Da) [(M + H)+]

theoretical mass+ 45a

(Da) [(M + H)+]
observed

masses (Da) assigned sequence
nitrated
tyrosine

1009.22
1 964.53 1009.53 993.23 92EDLIA 97YLK99 Y97

978.00
723.13

2 678.37 723.37 707.14 74YIPGTK79 Y74
691.15

1668.77
3 1623.79 1668.79 1652.77 61EETLME67YLENPKK73 Y67

1636.77
1643.93

4 1598.79 1643.79 1627.94 39KTGQAPGFT48YTDANK53 Y48
1611.94

a Addition of a nitro (-NO2) group results in a molecular mass increase of 45 Da.

FIGURE 4: Mass spectrum of a nitrated peptide. Peptides were
purified by RP-HPLC and analyzed by MALDI-TOF-MS. Herein,
as an example, is shown the mass spectrum of peptide 1 (Figure
3B) obtained in the positive reflector mode usingR-cyano-4-
hydroxycinnamic acid as the matrix. The sequence corresponds to
92EDLIA-NO2-97YL99K.

FIGURE 5: Immunochemical analysis of TNM-treated cytochome
c nitration. Cytochromec (1 mM) in 100 mM Tris-HCl (pH 8.0),
100 mM KCl, or KCN was treated with 40 mM TNM. After 0, 2,
5, and 15 min, samples were taken and the reaction was taken to
completion by passing the mixture through a Hi-Trap desalting
column. Five micrograms of each sample was run on a SDS-15%
PAGE gel and examined by Western blot analysis against anti-
nitro-Tyr.
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activity of the main nitrated products. Native, mononitrated,
and dinitrated cytochromec (0.6 µM) were incubated with
ABTS and H2O2 at 20°C. ABTS oxidation was followed at
420 nm. Nitration of Tyr67, Tyr74, and Tyr97 each increased
peroxidase activity of cytochromec by >250% (Table 3).
Dinitration increased even more the peroxidase activity of
the protein (Table 3), in mixed dinitrated (i.e., Tyr97 and
Tyr67 or Tyr74 and Tyr67; peak D fraction in Figure 2) or
singly dinitrated forms (i.e., Tyr74 and Tyr67; peak D
fraction in Figure 6), suggesting an additive effect of each
nitration. Moreover, trinitrated species (i.e., Tyr97, Tyr74,
Tyr67) displayed increased peroxidase activity as well. Then,
we assessed the function of purified nitrated cytocromec
species in succinate-dependent oxygen consumption of
cytochromec-depleted mitochondria (Table 3). Addition of

nitro-Tyr74 cytochromec restored respiration rates to only
55% of control values (Table 3); nitration of cytochromec
in Tyr97 had a less pronounced effect but still did not fully
restore oxygen consumption. Moreover, dinitrated forms
were even less capable of restoring the succinate-dependent
oxygen consumption (Table 3) (7). Sokolovsky et al. (6) also
reported decreased oxygen consumption rates in cytochrome
c-depleted mitochondria upon addition of a cytochromec in
which Tyr67 was modified by nitration (Table 3).

The enhanced peroxidase activity of nitrated cytochromes
is likely to be due to the breaking of the Met80 sulfur-Fe
bond at the sixth coordination position of the heme, which
in turn largely favors the accessibility of hydrogen peroxide
to the iron atom (7). The integrity of the sixth coordination
position can be followed at 695 nm (36). The loss of 695
nm absorbance in peroxynitrite-treated cytochromec (7) and
mononitrated cytochromec in Tyr67 [by TNM treatment (6)]
has been interpreted as an “early” alkaline transition (37)
due to the decrease in pI determined by the addition of a
-NO2 group to tyrosine, which is known to decrease the
pKa of the phenolic-OH group from∼10 to 7.5 (12).
Indeed, mononitrated cytochromec in either Tyr97 or Tyr74
leads to a bleaching of the 695 nm absorbance band at pH
7.4, which was completely recovered at low pH, in agreement
with the reversibility of the process (Figure 7). Therefore,
the enhanced peroxidase activity of nitrated cytochromesc
observed at physiological pH can be explained on the basis
of the displacement of the Met80 ligand from the heme iron
after tyrosine nitration.

DISCUSSION

Peroxynitrite mediates cytochromec3+ tyrosine nitration
in all four tyrosine residues but in a preferential order and
not randomly. A flux of peroxynitrite caused the time-
dependent formation of different nitrated species, all less
positively charged than native cytochromec. At low doses
of peroxynitrite, the main reaction products were two
different mononitrated cytochromesc at Tyr97 and Tyr74,
as shown by peptide mapping and mass spectrometry analysis
(Figures 2 and 3). At higher doses, all four tyrosine residues
in cytochromec were nitrated, included in di- and trinitrated
species, with Tyr67 well represented in dinitrated species
and Tyr48 being the least prone to nitration. The pattern of

Table 3: Mitochondrial Electron Transport Capacity and Peroxidase Activity of Nitrated Cytochromec Species

succinate-dependent respirationa peroxidaseb

rate (mM O2/min) % of control activity (µM/min) % of control

native 0.071( 0.032 100 1.67( 0.11 100
NO2-Y74 0.039( 0.011 55 7.69( 0.11 460
NO2-Y97 0.064( 0.015 90 4.58( 0.08 274
NO2-Y67 0.015( 0.011 21c 4.77( 0.12 285
di-NO2-Yd 0.028( 0.012 39 11.72( 0.15 701
di-NO2-Y (Y74-Y67)e NDf - 6.2( 0.2 371
tri-NO2-Yg NDf - 12.2( 0.2 730
peroxynitrite-treatedh 0.026( 0.013 36.6 9.35( 0.25 560

a Oxygen consumption in cytochromec-depleted rat heart mitochondria (0.5 mg/mL) was assessed with the addition of 5 mM succinate and 0.7
mmol of cytochromec/mg. The rate of respiration without addition of cytochromec was 0.004( 0.001 mM O2/min. b Native or nitrated cytochrome
c (0.6 µM) in 100 mM potassium phosphate and 0.1 mM DTPA (pH 7.2) was incubated with ABTS and H2O2 at 20 °C. ABTS oxidation was
followed at 420 nm. The Tyr67 mononitrated product was formed upon treatment of cytochromec with TNM as described in the legend of Figure
6. All other species were purified from peroxynitrite infusion experiments, as described in the legend of Figure 2.c Data extracted from ref6.
d From peroxynitrite treatment, a mix of dinitrated forms, mainly dinitro-Tyr97-Tyr67 and dinitro-Tyr74-Tyr67 (fraction D in Figure 2).e TNM
treatment, dinitro-Tyr74-Tyr67 (fraction D in Figure 6).f Not determined.g TNM treatment, i.e., trinitro-Tyr97-Tyr74-Tyr67 (fraction E in Figure
6). h Data extracted from ref7; a mixture of nitrated and native forms.

FIGURE 6: HPLC and MS analysis of TNM-treated cytochromec.
Cytochromec (1 mM) was treated for 5 min as described in the
legend of Figure 5. Reaction products were separated and purified
by cation-exchange HPLC (panel I). After desalting had been carried
out, the main products (peaks A-D) were digested with trypsin
and the digestion mixtures analyzed by RP-HPLC with UV
detection at 220 nm (B-D in panel II). Labeled peaks also absorb
at 365 nm (panel E; same run as panel D but recording with 365
nm detection) and were identified by MALDI-TOF-MS (Table 2;
same nomenclature as in Figure 3).
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nitration of cytochromec by TNM (Figure 6) was compa-
rable to that obtained with peroxynitrite, but an increased
relative nitration yield in Tyr67 could be observed, consistent
with the earlier report (6).

Peroxynitrite-dependent tyrosine nitration is typically a free
radical-mediated mechanism. In fact, the two most widely
invoked mechanisms of biological nitration, namely, the
peroxynitrite and the heme peroxidase pathways, lead to the
concomitant formation of tyrosyl radicals and•NO2, which
combine at diffusion-controlled rates to form 3-nitrotyrosine
(15). The oxidants leading to the tyrosyl radical are•OH,
CO3

•-, or oxo-metal complexes (15). Because of the short

half-life and reactivity of•OH, free radical-mediated tyrosine
nitration generally favors nitration of solvent-accessible
tyrosine residues (38).2 Tyr97 and Tyr74 are clearly exposed
at the surface of the protein and surrounded by charged
residues (see Figure 8). Tyr67 and Tyr48 are localized more
deeply in the protein core and thus in a more hydrophobic
environment. Moreover, Tyr67 is almost occluded and
separated from the surface by Tyr74 (Figure 8). These
structural features could themselves be a rational explanation
for the preferential and early nitration of Tyr97 and Tyr74
by peroxynitrite.

All mononitrated cytochromesc that were formed dis-
played increased peroxidase activity, although more pro-
nounced for Tyr74 (Table 3). An increased peroxidase
activity as a consequence of a first nitration is consistent
with the loss of Met80 coordination with the sixth coordina-
tion position of the Fe atom allowing binding of H2O2 to
the heme (7), in agreement with the spectral analysis
performed for the mononitrated forms in Tyr67 (6) and in
Tyr97 and Tyr74 (Figure 7). Moreover, the fact that dinitrated
cytochromesc are formed even in the presence of excess
unmodified cytochromec probably points to a preferential
metal center-catalyzed mechanism for the second nitration
site at Tyr67, located only∼4 Å from the heme moiety.

In our previous work (7), the main nitrated residue that
was reported was Tyr67. During those studies, we mapped
nitration sites on a cytochromec that was treated with high
initial doses of peroxynitrite and without purification of

2 Unless the nitration process is “site-specifically” directed by the
reaction of peroxynitrite with a transition metal center (15) or an internal
tyrosine residue behaves as a “sink” of one-electron oxidations in the
protein surface by electron migration through the backbone (39). Metal-
catalyzed nitration of the first modified tyrosine residue is ruled out as
all coordination positions of the heme iron in cytochromec3+ are
occupied and cytochromec does not accelerate peroxynitrite decom-
position (19).

FIGURE 7: Spectral analysis of the Met80-heme bond in mono-
nitrated cytochromec. Peroxynitrite-treated cytochromec was
separated by cation-exchange HPLC as described in the legend of
Figure 2A, and mononitrated forms of Tyr97 and Tyr74 were
purified and concentrated for spectral analysis. Spectra of cyto-
chromec (0.2 mM) were recorded between 600 and 800 nm in
100 mM potassium phosphate buffer at different pHs for (A)
control, (B) NO2-Tyr97, and (C) NO2-Tyr74 cytochromec at pH
7.4 (s) and 5.0 (- - -). Given a pKa of 9.3 for horse heart cytochrome
c at an ionic strength of 0.1 M, the spectra of control cytochrome
at pH 5.0 and 7.4 are essentially the same; thus, for control
cytochromec, the spectrum at pH 10 (‚‚‚) is also shown to confirm
the “alkaline transition” observed above pH 9.5 in native cyto-
chromec3+ due to the loss of the Met80-heme iron bond (36).

FIGURE 8: Three-dimensional structure of cytochromec. In each
panel, the specific tyrosine residues are colored yellow; in the Tyr67
panel (bottom right), Tyr74 can be also seen numbered in white.
Negative (red) and positive (blue) charged residues localized near
a tyrosine residue are also depicted. Data were taken from Protein
Data Bank entry 1HRC.
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reaction products. Mononitrated cytochromesc (i.e., at Tyr97
and Tyr74) are consumed at higher doses of peroxynitrite,
leading to dinitrated products that involve nitration of Tyr67,
thus enriching the reaction mixture with nitro-Tyr67-contain-
ing peptides. Moreover, as previously shown for the pro-
teosome-dependent protein degradation, highly modified
products (i.e., di- and trinitrated proteins) could be more
easily digested by trypsin (40). Thus, these considerations
appear to account for the differences between our previous
work (7) and this report; the more laborious methodology
utilized herein undoubtedly allowed us to identify nitration
sites in a more precise and thorough manner.

Previously, Sokolovsky et al. also reported nitration of
cytochromec by TNM, specifically at Tyr67, showing that
nitrocytochromec was unable to restore the respiratory
function of cytochromec-depleted mitochondria (6). In the
presence of cyanide, which binds to the sixth coordination
position of the heme iron, the authors reported an inhibition
of nitration (6). Using similar experimental conditions, we
found not only TNM-mediated Tyr67 but also Tyr74 nitration
and formation of a single dinitrated species in Tyr74 and
Tyr67 (Figure 6, panel II). Surprisingly, our results showed
that cyanide enhanced TNM-mediated tyrosine nitration in
cytochromec (Figure 5), and the reason for the discrepancy
is not evident. However, a similar nitration enhancement
effect of cyanide was found by Castro et al. for peroxide-
and nitrite-mediated tyrosine nitration (20), and it was
thought to depend on the formation and reactions of cyanide-
derived radicals. Indeed, cyanide-derived radicals initiate
potent oxidative chemistry (see, for example, ref41) which
may favor tyrosyl radical formation and oxidation of nitrite
to nitrogen dioxide. Moreover, when cyanide is bound,
cytochromec no longer has its native structure which may
favor nitration reactions. Nitration of Tyr74 of cytochrome
c and to a lesser extent of Tyr97 affected oxygen consump-
tion (Table 3).3 Dinitrated species of cytochromec, i.e., at
Tyr74 and Tyr67, had an even greater alteration in electron
transport capacity (Table 3), confirming that nitration in
either Tyr74 or Tyr67 has profound effects on cytochrome
c functions. In most cases, the gains in peroxidase activity
of nitrated cytochromec correlated well with the inhibition
of mitochondrial oxygen consumption (Table 3).

Our work shows that Tyr97 is a preferential target for
peroxynitrite and may contribute, in an indirect way, to an
autoimmunological response by eliciting self-antigens. In-
deed, in the moth pigeon cytochromec peptide MCC88-103

which comprises a well-characterized model for the study
of MHC restriction and T cell recognition, the peptide
containing nitro-Tyr97 triggers T cell recognition. Conversion
of this tyrosine to 3-nitrotyrosine has profound consequences
in terms of immunological reactivity (17).

Purification of nitrated peptides prior to MALDI-TOF
analysis is an important step in fully characterizing tyrosine
nitration sites. The presence of unmodified peptides signifi-
cantly weakened the ability to detect and measure cyto-
chromec nitrated species by MALDI-TOF, in agreement

with the notion proposed in ref42. In addition, the use of
purified and well-characterized mononitrated cytochromec
species provides a tool for precisely studying the influence
of tyrosine nitration at specific sites in cytochromec function.
Finally, the identification of cytochromec nitration site(s)
in vivo may assist in unraveling the chemical nature of
proximal reactive nitrogen species.
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