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ABSTRACT: The effect of tyrosine nitration on the physicochemical properties and reactivity of human
respiratory cytochrome c has been extensively analyzed. A set of mutants, each bearing only one tyrosine
out of the five present in the wild-type molecule, has been constructed in order to study the effect of each
tyrosine nitration on the properties of the whole protein. Replacement of tyrosines by phenylalanines
does not promote significant changes in the properties of the cytochrome. Nitration of wild-type cytochrome
c promotes a drastic decrease (ca. 350 mV) in the midpoint redox potential, probably induced by nitration
of both tyrosines 48 and 67. Nitration also promotes a significant decrease in the intrinsic reactivity of all
the wild-type and mutant proteins. Nitration of mutant cytochromes and, in particular, of the wild-type
protein significantly decreases their reactivity with cytochrome c oxidase, thereby suggesting that this
alteration is due to an accumulative effect of different nitrations. The reactivity of mutants bearing tyrosine
67 and, to a lesser extent, tyrosine 74 is more affected by nitration, indicating that the change in reactivity
of nitrated wild-type cytochrome c is mainly due to nitration of these tyrosine residues. Moreover, nitration
of wild-type cytochrome c induces a significant loss in its ability to activate caspases because of the
additive effect of nitration of several tyrosine groups, as inferred from the behavior of monotyrosine
mutants.

Respiratory cytochrome c (Cc)1 is a small (ca. 12 kDa),
soluble protein located in the mitochondrial intermembrane
space, where it serves as a mobile carrier in the respiratory
chain, shuttling electrons between the membrane-embedded
complexes cytochrome bc1 and cytochrome c oxidase (CcO).
Mitochondria are one of the main sources of reactive nitrogen
and oxygen species (RNOS) in the cell, and these two
membrane complexes are actively involved in the production
of such species (1, 2).

In addition to the well-established role of the mitochondria
in energy metabolism, regulation of cell death has emerged
as a second major function of these organelles (3). This, in
turn, seems to be intimately linked to their role as the major
intracellular source of RNOS. Excessive RNOS production
can lead to oxidation of macromolecules and, subsequently,

to mitochondrial DNA mutations, aging, and cell death.
Mitochondria-generated RNOS seem to play an important
role in the release to the cytoplasm of Cc and other pro-
apoptotic proteins, which can trigger caspase activation and
apoptosis (3). After leaving the mitochondria, Cc binds
to Apaf-1 and forms the apoptosome complex, thus acting
as an activator of the caspase-dependent apoptotic route,
which in turn drives cells to death (4-6).

Among other possibilities, protein nitration is one of the
most common effects of RNOS in the cell. Although this
process is not enzymatically catalyzed, it is indeed very
specific, as only a few residues (mainly tyrosines) are
preferentially nitrated (7-10). Cc is a main target for RNOS
in mitochondria, where it is both nitrated and nitrosylated
in vivo (11-14). There is contradictory information on the
role of nitrated Cc in apoptosis. Thus, it has been suggested
that nitrated Cc could act as an apoptotic signaler and that
the modified protein has an enhanced ability for exit
from the mitochondria (2, 15, 16). Other studies, however,
indicate that the apoptosome assembly is initiated by the
native, unmodified Cc and that the nitrated protein possesses
a reduced ability to activate caspases (17, 18). Moreover,
the existence of a denitration system in vivo has been
proposed (19, 20), opening the possibility that nitration could
be used by the cell as a signaling system similar to
phosphorylation or alkylation.

Although the sequence homology among respiratory Ccs
is very high, human Cc shows a unique behavior in its
reactivity with horse CcO as compared with horse and plant
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Ccs. In fact, human Cc shows an apparent electron transfer
rate constant (k′et) that is ca. 5-7 times lower than those of
the two other Ccs at low ionic strength (21). The apparent
contradiction of human Cc being less reactive than the plant
protein with animal CcO can be explained in the light of
specific evolutionary changes of both CcO and Cc in primates
(22).

Although there are previous studies on the effect of nitration
on the properties of Cc, most of these studies have been done
with a mixture of nitrated and native protein, and thus reliable
results on the specific effect of nitrating different positions could
not be attained (8). However, by use of purified Cc nitrated at
different positions, it has been recently shown that nitration of
tyrosine 97 has little effect on the properties of Cc as compared
to nitration at other positions (23, 24).

Among the changes induced by nitration, the following
have been reported: (i) spectral changes indicating the loss
of iron coordination of Met80, (ii) an increase in peroxidase
activity associated with the change of coordination, and (iii)
a noticeable decrease in the capability of nitrated Cc to
sustain respiratory electron flow in isolated mitochondria
(8, 23). A decrease in the redox potential after nitration has
also been reported, although a particular value for the
potential was not determined because of reduction of the nitro
group to the amino species by the chemical reductants
used (16, 18). Recently, the increased peroxidase activity of
nitrated Cc has been related to nitration and oxidation of
other biomolecules (16); moreover, a certain decrease in the
ability of nitrated Cc to reduce isolated CcO has been
observed by measuring oxygen consumption under steady-
state conditions (16).

In this work, the effect of nitration of human Cc has been
extensively examined by analyzing several physicochemical
properties of the nitrated protein as well as its reactivity
toward flavins and isolated horse CcO via time-resolved
spectroscopy. Moreover, the ability of nitrated Cc to activate
caspases has also been studied. In order to determine the
effect of nitration of each individual tyrosine, five mutants
of Cc have been also constructed, each one bearing only one
out of the five tyrosines of the native protein.

EXPERIMENTAL PROCEDURES

DNA Techniques. Plasmid pCytH, containing the region
coding for human respiratory Cc (h-Cc) fused to the signal
peptide of Nostoc sp. PCC 7119 cytochrome c6, was
constructed as described in ref 21. From this plasmid, the
different monotyrosine mutants of Cc have been obtained
by performing six mutagenic PCR steps with the Stratagene
QuickChange mutagenesis kit according to manufacturer
instructions. To obtain the different mutants, oligonucleotides
of 21 base pairs with the following codon changes were used:
TAT to TTT for mutations Y48F, Y74F, and Y97F; TAC to
TTC for mutations Y46F and Y67F; TTC to TAC for the
reverse mutations F46Y and F67Y; and TTT to TAT for the
reverse mutation F74Y. In the first five steps, each tyrosine
of the gene was mutated, one by one, to phenylalanine, in
order to obtain a mutant without any tyrosine, the so-called
“null mutant” (h-Null). In the last step, and starting from
the null mutant, the different phenylalanines were mutated,
one by one, to tyrosines to generate the five mutants each
bearing a single tyrosine. Incorporation of the desired

mutations and absence of any additional change were
checked by sequencing the mutated constructs.

Obtaining Cell Extracts. Jurkat cells were maintained in
RPMI (PAA) medium supplemented with 9% fetal bovine
serum (BioWhitaker), 100 µg mL-1 penicillin, 100 µg mL-1

streptomycin, and 2 mM L-glutamine (Gibco). Cell extracts
were obtained from cultures grown up to a density of 2 ×
106 cells mL-1, as described in ref 25.

To remove endogenous Cc, the cell extracts were treated
with carboxymethylcellulose (CM-cellulose) for 10 min at
4 °C with gentle stirring. After treatment, the suspension
was centrifuged twice at 12000g for 10 min, and the
supernatant was treated again with CM-cellulose as before.
The absence of Cc in the extracts was confirmed by Western
blot. Finally, the extracts were distributed into aliquots,
frozen with liquid N2, and stored at -80 °C.

Synthesis of Peroxynitrite and Nitration of Proteins. The
synthesis of peroxynitrite and nitration of the different Cc
species was performed as previously described (8), with
minor modifications. The nitration solution contained 200
µM Cc in 1 mM Fe3+-EDTA, 1 mM ferricyanide, and 250
mM potassium phosphate, pH 7.0. To this solution, seven
bolus additions of peroxynitrite were done to a final
concentration of 3 mM, with 3 min time spacing between
them. The presence of Fe3+-EDTA in the nitration solution
enhances the rate and extent of tyrosine nitration because
the metal ions appear to catalyze the heterolytic cleavage of
peroxynitrite to form a nitronium-like species (NO2

+), which
is an efficient nitrating agent (26). In all cases the final ratio
peroxynitrite/H2O2 in the peroxynitrite preparations was
higher than 300, so less than 10 µM H2O2 was added to the
samples in the nitration procedure. After nitration, the
cytochrome was washed twice with 10 mM potassium
phosphate, pH 7.0, and purified as described below.

Production of Recombinant Proteins and Purification
Procedures. Production and purification of the different Cc
variants was performed as previously described for the wild-
type (WT) protein (21). Protein concentration was determined
spectrophotometrically with absorption coefficients of 31.7
mM-1 cm-1 at 549.5 nm for reduced h-WT Cc (21) and
h-Y67 mutant and 32.0 mM-1 cm-1 at 551 nm for the rest
of mutants. Purity of the resulting protein fractions was
determined by use of an A279/A551 ratio of ca. 0.95 for pure
h-WT Cc and verified by MALDI-TOF analysis. Nitrated
Cc was separated from nonnitrated protein on a CM-cellulose
column equilibrated with 1.5 mM borate, pH 9.0, with a
0-100 mM NaCl continuous gradient. Nitrated fractions
eluted with much lower concentrations of salt than native
proteins, due to the extra negative charge of the deprotonated
tyrosyl anions, the pKa of which is altered by the strongly
electron-withdrawing effect of the NO2 substituent group
when in the 3-position (2, 8). The purity of nitrated Cc
preparations was confirmed by MALDI-TOF analysis, with
only a band of the expected weight for nitrated Cc being
found.

Horse heart CcO was purified as described by Soulimane
and Buse (27) with the following modifications: after a first
Q-Sepharose chromatography, two additional ammonium
sulfate fractionation steps (25% and 50%) were included.
CcO concentration was determined by use of a differential
extinction coefficient ∆ε604-630 of 17 mM-1 cm-1 for the
reduced minus oxidized protein, as reported for the bovine
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enzyme (28). Horse heart Cc (e-Cc) was purchased from
Sigma and used without further purification.

Analytical Methods. Molecular masses were determined
by MALDI-TOF (Brüker-Daltonics, Germany) analysis via
standard procedures. Redox titrations were performed in a
Hewlett-Packard 8452A diode-array spectrometer with a
Pt-Ag/AgCl combined electrode (Microelectrodes, Inc.) as
described previously (21). For determination of the redox
potential of nitrated Cc, and to avoid the reduction of the
nitro groups by dithionite (29), phototitration in the presence
of 2 µM 5-deazariboflavin (dRf) and 2 mM EDTA was
performed (30). Short pulses of white light generated, in the
presence of EDTA, flavin semiquinone, which in turn reduces
the Cc without altering the nitro group. Differential absor-
bance change was monitored at 550 minus 528 nm for native
Cc and at 550 minus 524 nm for nitrated Cc. For low-
potential determinations, 10 µM anthraquinone-2-sulfonate,
10 µM duroquinone, and 5 µM phenazine methosulfate were
used as redox mediators. Extinction coefficients were de-
termined as described previously (31). Circular dichroism
(CD) spectra were recorded with a MOS-450 AF/CD
multipurpose spectrophotometer (Bio-Logic, France) in a 1
mm quartz cuvette at 25 °C. Protein concentration was 40
µg mL-1 in 10 mM sodium phosphate buffer, pH 7.0. Spectra
were analyzed with the CDpro software package (32) with
reference set 7 (48 proteins).

Kinetic Analysis. For analysis of Cc reduction by flavin
semiquinones, the laser-flash photolysis apparatus, data
collection, and analysis methods were as described previously
(33). Laser flash experiments were performed under pseudo-
first-order conditions in anaerobiosis at room temperature.
The flavins used were flavin mononucleotide (FMN), lumi-
flavin (LF), riboflavin (RF), and dRf. Standard solutions
contained 0.1 mM flavin and 1 mM EDTA in 1.5 mL of 2
mM phosphate buffer, pH 7.0. When noted, aliquots of a
concentrated NaCl solution were added to increase the ionic
strength. Cc reduction was monitored at 550 nm and the
second-order rate constant (k2) for protein reduction was
calculated from the linear dependencies of the observed
pseudo-first-order rate constant (kobs) upon protein concentra-
tion. For most experiments, the error in kobs was estimated
to be less than (5%, based on reproducibility and signal-
to-noise ratios. The ionic strength dependencies of the rate
constants were analyzed by fitting the experimental data to
the theoretical model for electrostatic interactions described
by Watkins et al. (34), where a Cc active-site radius of 5.5
Å was assumed. k2 extrapolated to infinite ionic strength (k∞),
as well as the charge of the protein active site (Z) and the
electrostatic interaction energy (Vii) between the reactants,
were thus determined (34).

The kinetics of electron transfer from nonnitrated and
nitrated Cc species to horse CcO was also analyzed by laser
flash spectroscopy following the flavin-mediated redox
reactions, as previously described (21, 35). FMN was used
to favor preferential Cc reduction by the negatively charged
flavin. The Cc/CcO interaction was further monitored by
following the absorbance changes at 550 and 604 nm, with
respective contributions from Cc and CcO predominantly
arising (21, 35, 36). The standard reaction mixture contained,
in a final volume of 0.8 mL, 10 mM Tris-HCl, pH 7.4, 10
mM KCl, 2 mM EDTA, 0.07% dodecyl �-maltoside, 0.1
mM FMN, 40 µM oxidized Cc, and increasing amounts of

CcO. All experiments were performed in anaerobiosis under
pseudo-first-order conditions, with CcO well in excess over
the reduced Cc generated by the laser flash (<1 µM). Kinetic
analyses were performed according to the reaction mecha-
nisms previously proposed (35, 37).

ActiVation of Caspases. In vitro activation of caspases was
achieved as described in ref 25, with minor modifications.
Briefly, an amount of cell extract equivalent to 100 µg of
protein was preincubated for 60 min at 37 °C, in a total
volume of 25 µL, with 25 mM KCl, 200 µM DTT, 200 µM
dATP, and increasing concentrations of Cc. After this first
preincubation step, 180 µL of buffer A [10 mM HEPES,
pH 7.0, with 50 mM NaCl, 40 mM �-glycerophosphate, 2
mM MgCl2, 5 mM EGTA, 0.1 mg mL-1 bovine serum
albumin, and 0.1% (w/v) CHAPS], supplemented with 10
µM acetyl-Asp-Glu-Val-Asp-7-amino-4-methylcoumarin (Ac-
DEVD-AMC), a fluorescent substrate specific for caspases
3/7, was added to the reaction mixture. Samples were then
incubated for 45 min at 37 °C and the reaction was stopped
by adding 100 µL of 175 mM acetic acid, 1% sodium acetate,
and 500 µL of distilled water. The relative fluorescence of
the samples was determined with 360 and 460 nm as
excitation and emission wavelengths, respectively.

For experiments of coincubation, the samples were incu-
bated under standard conditions, that is, with 5 µM nonni-
trated Cc, along with nitrated WT Cc at increasing concen-
trations. For preincubation experiments, the samples were
first preincubated for 10 min at 37 °C under standard
conditions but with nonnitrated Cc being substituted by
nitrated Cc at different concentrations; afterward, WT Cc at
5 µM final concentration was added, and the samples were
incubated as before.

RESULTS AND DISCUSSION

The effects of tyrosine nitration have been studied in
previous works with horse Cc (8, 12, 16, 23, 24). However,
only Radi’s group (23, 24) has been able to separate the
different nitrated Cc variants from the nonnitrated form in
order to fully characterize the modified protein, although the
low amount of nitrated protein obtained prevented a complete
study. Thus, important features such as redox potential of
the nitrated form, time-resolved analysis of the reactivity of
nitrated proteins, and effects of nitration of each individual
tyrosine remain unsolved. Therefore, the effect of nitration
on the properties of human Cc has been here analyzed in
purified preparations in order to elucidate how these changes
affect its functionality, both in the respiratory electron
transport chain and as a triggering agent in apoptosis. Nitrated
horse Cc has also been analyzed for comparative purposes.

Construction of Mutants and Physicochemical Charac-
terization of Different Cc Variants, both Nonnitrated and
Nitrated. As shown in Figure 1, human Cc contains five
tyrosine residues, three of them (tyrosines 46, 48, and 67)
close to the heme group and two others (tyrosines 74 and
97) far from the electron-transfer active site. To study the
differential effect of nitration at each tyrosine residue, five
mutants of the human heme protein have been constructed,
in which all tyrosines but one have been replaced by
phenylalanine. In addition, another mutant has been con-
structed with all tyrosines being replaced. The monotyrosine
Cc mutants are named h-Y46 (Y48F/Y67F/Y74F/Y97F),
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h-Y48 (Y46F/Y67F/Y74F/Y97F), h-Y67 (Y46F/Y48F/Y74F/
Y97F), h-Y74 (Y46F/Y48F/Y67F/Y97F), and h-Y97 (Y46F/
Y48F/Y67F/Y74F) to highlight the only tyrosine residue they
bear. The mutant without tyrosines (null mutant, Y46F/Y48F/
Y67F/Y74F/Y97F) was named h-Null.

None of the mutants shows drastic changes in its physi-
cochemical characteristics, as expected from the conservative
nature of the mutations. Thus, all the mutants show a slight
decrease, of about 40 mV, in their midpoint redox potentials
with respect to the WT Cc (Table 1). In addition, the visible
absorption spectrum of every mutant (except Y67, which
shows WT features) exhibits a slight red shift of the R-band
maximum of the reduced form, from 549.5 to 551 nm (data
not shown). The secondary structure of the mutants seems
to be also quite similar to WT Cc, as deduced from the CD
spectra (data not shown).

After bolus addition of peroxynitrite to Cc samples, a
mixtureofnitratedandnonnitratedproteinsisobtained(8,23,24).
Here, we purified the nitrated fractions by taking advantage
of the extra negative charge of the deprotonated tyrosyl
anionsthe pKa of which is significantly altered in the nitrated
form by the strongly electron-withdrawing effect of the NO2

substituent group when in the 3-position (2, 8)sthus allowing
separation of the two forms of Cc by CM-cellulose chro-
matography. Several nitrated fractions of WT Cc were thus
obtained (not shown), from which the most homogeneous
one [with 3-4 nitrated tyrosines involving residues 46 or
48, 67, 74, and 97, as deduced by MALDI-TOF and peptide
analysis (not shown)] was selected for this study. We found
significant differences in the yield of nitration of different
mutants (Table 2), and this could provide insights into the

accessibility and nitration level of each tyrosine. Tyrosines
67 and 74 were the most easily nitrated, whereas tyrosines
46 and 48 were hardly modified, in agreement with previous
studies with horse Cc (8, 16, 23). In fact, the low nitration
yield of mutants Y46 and Y48 prevented their functional
characterization.

After nitration, all Cc variants were in their oxidized states.
The absorption spectrum of human WT Cc was significantly
altered (Figure 2). It is important to note that, in order to
record the spectrum of the reduced form, dithionite, which
also reduces the nitro group to the amino species (29), was
added to the Cc solution, and thus the spectrum shown
corresponds to aminated Cc. In the oxidized form, the
shoulder with maximum at 455 nm corresponds to nitroty-
rosine absorbance; this shoulder was hardly seen in previous
spectra of nonpurified preparations (8). The Soret band of
the spectrum presents the most relevant changes, with a
displacement of the maximum from 408.5 to 405.5 nm in
the oxidized state and from 414.5 to 417.5 nm in the reduced
form (8). Moreover, the extinction coefficient in the maxi-
mum of this band is significantly higher in the nitrated form
(Figure 2). The R and � bands of the reduced form show an
extinction coefficient somewhat lower (28.9 mM-1 cm-1 for
the R band) than the WT, although the maximum is
preserved. The band at 680 nm of nitrated WT Cc disappears
(not shown), as previously described for nitrated horse
Cc (8, 16, 23). After nitration, minor changes of the CD
spectra of most proteins were observed, indicating a slight
increase in the R-helix content and a decrease in the
nonregularly structured fraction.

As stated in the introduction, up to now there has not been
a reliable value for the midpoint redox potential of nitrated
Cc, because of reduction of the nitro group to the amino
species by the reductants used in the chemical titrations (18).
By means of phototitrations with dRf as photosensitizer, thus
avoiding the use of chemical reductants, the midpoint redox

FIGURE 1: Three-dimensional structure of human Cc (PDB code
1J3S) showing the location of the five tyrosine residues. Tyrosines
are in green, and the heme group is in gray.

Table 1: Midpoint Redox Potential at pH 7.0 of Human and Horse WT
Cc, as Well as of the Monotyrosine Mutants of Human Cc, in both
Nonnitrated and Nitrated Forms

redox potential (mV)

protein native form nitrated form

e-WT 254.1 ( 5.7 -130.6 ( 4.1
h-WT 262.4 ( 6.6 -93.6 ( 5.8
h-Y46 226.7 ( 5.6 164.3 ( 3.8
h-Y48 220.5 ( 3.7 133.4 ( 26.3
h-Y67 226.1 ( 5.5 252.8 ( 5.5
h-Y74 209.3 ( 6.7 231.6 ( 17.6
h-Y97 224.6 ( 8.0 230.3 ( 4.0
h-Null 216.5 ( 6.6 214.4 ( 16.3a

a The null mutant cannot be nitrated because of the lack of any
tyrosine residue, but the protein was subjected to the same treatment as
the rest of mutants as a control. e-WT and h-WT are the horse and
human WT proteins, respectively.

Table 2: Yield of Nitration of the Human and Horse WT Cc as Well as
of the Five Monotyrosine Human Mutantsa

protein h-Y46 h-Y48 h-Y67 h-Y74 h-Y97 h-WT e-WT
yield (%) 4.5 4.9 15.5 16.4 8.3 17.8 23.5

a Values refer to the ratio between initial Cc subjected to nitration
and final nitrated Cc recovered after the whole process of nitration and
purification.

FIGURE 2: Absorption spectrum of oxidized (left) and reduced (right)
human WT Cc, either nonnitrated (s) or nitrated (---). The reaction
cell contained 10 µM Cc in 10 mM phosphate buffer, pH 7.0. After
the spectrum of the oxidized form was recorded, the protein was
reduced with dithionite, and thus the reduced nitrated form actually
corresponds to aminated Cc.
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potentials of the nitrated forms of all the Cc variants have
been accurately determined (Table 1). The redox potential
value of human WT Cc showed a drastic decrease of ca.
350 mV after nitration, with an even larger decrease for horse
Cc (Table 2). With respect to the mutants, none of the nitrated
monotyrosine variants attains the lower redox potential value
of the polynitrated WT protein: the redox potential values
of h-Y46 and h-Y48 showed a significant decrease upon
nitration, but they remained almost unchanged for the rest
of the mutants.

From a physiological point of view, and when the drastic
decrease in redox potential of the WT protein after nitration
is taken into account, it is clear that polynitrated Cc is unable
to react with complex III, because the redox potential of
cytochrome c1, the exit port of electrons from the complex,
is 230 mV, thus making the reaction thermodynamically
unfeasible. This could lead to a positive feedback cycle for
nitration, because in the event of a significant fraction of Cc
being nitrated, complex III would be partially blocked. Under
such conditions, complex III will generate RNOS (14, 38),
which in turn would yield nitrated Cc so as to contribute to
the blocking of complex III.

Functional Characterization of Different Cc Variants, both
Nonnitrated and Nitrated. With the changes induced in Cc
properties by nitration taken into account, the functionality
of the different heme proteins has been analyzed by time-
resolved absorption spectroscopy, to characterize the redox
interaction of these proteins both with flavins and with their
physiological acceptor CcO. Flavin-sensitized reduction of
proteins by laser-flash kinetic spectroscopy has been shown
to be a very powerful technique to study inter- and intramo-
lecular electron transfer processes (30). By use of flavins
bearing groups of different size and charge, the steric and
electrostatic factors controlling the electron transfer process
can be investigated (30, 39). In this work, a comparative
study of the photoreduction of the different Ccs by four
different flavins has been performed. In all cases, the
observed rate constants (kobs) for reduction of Cc by the
different flavin semiquinones depended linearly on protein
concentration, as shown in Figure 3 for FMN, allowing thus
the determination of the bimolecular second-order rate
constant (k2) for the different interactions. From the ionic-
strength dependence of k2 for the reduction of Cc by FMN,
the observed rate constant extrapolated to infinite ionic
strength (k∞), electrostatic interaction energy (Vii), and charge
of the active site (Z) can be estimated for each protein by
applying the formalism developed by Watkins et al. (34).
The resulting data are presented in Table 3. The nonnitrated
mutants yielded values for the kinetic parameters similar to
those for human WT Cc (21), with the only exception of
h-Y74, which shows a 2-fold increase in k2 with most of the
flavins. This finding indicates that the accessibility and
electrostatic charge of the active site have not been signifi-
cantly altered by the Cc mutations.

Nitrated forms of Ccs are less reactive toward flavins than
native ones, presenting k2 values 2-3 times lower. This effect
is more evident with polynitrated horse Cc (Table 3). These
results indicate that nitration of tyrosines somewhat decreases
the intrinsic reactivity of the proteins, most probably by
means of steric hindrance. The exception is mutant h-Y97,
whose nitrated form behaves in a way very similar to the
nonnitrated form; this makes sense when the location of this

tyrosine far from the electron transfer area of Cc is taken
into account (Figure 1). To rule out any secondary effect of
nitration itself on protein reactivity, the h-Null mutant was
subjected to the same process as the other species, and the
so-treated protein showed the same reactivity as the nonni-
trated one (Figure 3). It is also worth noting that the value
of Z of both human and horse WT Cc becomes 1.5 units
lower upon nitration, as expected from the extra negative
charges close to the electron transfer area, arising from the
partial negative charge of the nitro group and from the partial
ionization of the tyrosyl groups at this pH. Among the
mutants, only nitrated h-Y74 presents a similar decrease,
suggesting that nitration of this particular tyrosine could be
mainly responsible for the change in charge around the redox
center (Table 3).

A flavin-mediated protocol to measure interprotein electron
transfer was used to test the functionality of the mutants and
the nitrated proteins, by following their oxidation by CcO
purified from horse heart (21, 34). CcO reduction by horse
Cc was also measured for comparative purposes. All the
mutants showed biphasic kinetics at 550 nm, with a major
phase (up to 80% in amplitude) equivalent to the monophasic
kinetics at 604 nm (not shown) and a minor slow phase;
this was also the case for WT (Figure 4) (21). In agreement
with previous works (21, 34), the kinetic analysis was
focused on the fast predominant kinetic phase. Whereas both
horse and WT human Cc present a saturation profile for the
dependence of kobs on CcO concentration (Figure 4), which
is characteristic of a mechanism including transient complex
formation before electron transfer (21, 40), all the nonnitrated

FIGURE 3: Dependence upon protein concentration of kobs for the
reduction by FMN semiquinone of different Cc variants in the
nonnitrated (upper) and nitrated (:N) forms (lower). The reaction
mixture contained, in a total volume of 1.5 mL, 2 mM phosphate
buffer, pH 7.0, 1 mM EDTA, 100 µM FMN, and the indicated
concentration of Cc. The experiments were performed at room
temperature. Other experimental conditions were as described under
Experimental Procedures. The Cc mutants containing just one
tyrosine residue, with all the others replaced by phenylalanines,
are named h-Y46, h-Y48, h-Y67, h-Y74, and h-Y97 to highlight
the only remaining tyrosine residue. The h-Null mutant has all five
tyrosines replaced by phenylalanine.
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mutants show a linear dependence of kobs on CcO concentra-
tion (Figure 4), indicating a second-order collisional process
with no formation of any kinetically detectable electron-
transfer complex. These data also indicate that the mutations
(replacing four tyrosine groups in each case) are altering the
bimolecular interaction step, which is a precisely tuned
process very sensitive to changes, even subtle ones, in the
interaction surface of the partners (30, 41). However, the
kobs values were comparable in all cases. Because all
the mutants behave in a similar way, this change of
mechanism cannot be ascribed to the absence of any
particular tyrosine but seems to be the result of an accumula-
tive effect of mutations. The bimolecular rate constants can
be directly calculated from the slope of the linear depend-

encies in Figure 4. Table 4 shows the values for k2 with all
the proteins. Although the different nature of the kinetic
constants precludes a complete comparison of WT and the
nonnitrated mutants, some mutants show higher kobs values
than the WT Cc at high CcO concentration, indicating that
the complex formed by WT human Cc with horse CcO is
not optimized for electron transfer, as previously observed
(21). In the nonnitrated form, all mutants present a reactivity
equivalent to that of the h-Null mutant, with the noticeable
exception of mutant h-Y74, which, in contrast to its high
reactivity with flavins, shows the lowest kinetic parameters
with CcO (Table 4), indicating that the presence of this
tyrosine hinders the protein-protein interaction. Other
significant differences exist between mutants h-Y48 and
h-Y46. While these two mutants have a very similar pattern
of mutations and show in every aspect very similar charac-
teristics, they are, respectively, the fastest and slowest (after
h-Y74) proteins in reacting with horse CcO.

When nitrated, the horse and WT human Ccs present linear
dependencies of kobs on CcO concentration (Figure 4), thus
indicating that polynitration also modifies the interaction
toward a collisional mechanism, as expected from modifica-
tion of the interaction surfaces of both Ccs. From the
comparison of kobs for the interaction of nonnitrated and
nitrated WT proteins with CcO, it is evident that reactivity
is drastically diminished by nitration. This is just contrary

Table 3: Kinetic Parameters for Reduction by Flavin Semiquinones of Human and Horse WT Cc, as Well as of the Monotyrosine and Null Mutants of
Human Cc, in both Their Nonnitrated and Nitrated (:N) States

LF RF dRf FMN

cytochrome k2
a × 10-8 (M-1 s-1) k2

a × 10-8 (M-1 s-1) k2
a × 10-8 (M-1 s-1) k2

a × 10-8 (M-1 s-1) k∞
b,c × 10-7 (M-1 s-1) Vii

c (kJ mol-1) Zc

h-WT 0.98 0.90 14.50 2.23 1.49 -10.0 5.1
h-WT:N 0.68 0.60 7.15 0.73 0.35 -7.1 3.6
h-Y46 1.29 1.02 7.37 3.01 0.81 -8.9 4.6
h-Y48 2.04 0.56 14.20 2.64 0.44 -10.1 5.1
h-Y67 1.56 1.33 11.90 2.41 0.46 -9.9 5.1
h-Y67:N 0.40 0.32 2.66 1.28 0.20 -10.6 5.5
h-Y74 2.72 1.82 11.10 4.19 1.53 -13.2 6.7
h-Y74:N 1.50 1.03 14.50 1.56 0.45 -8.0 4.1
h-Y97 1.83 1.38 10.70 2.43 1.48 -10.2 5.2
h-Y97:N 1.86 0.91 12.40 2.38 0.34 -14.8 7.6
h-Null 1.91 1.33 9.82 4.90 0.51 -11.9 6.1
h-Null:Nd 2.32 1.50 13.30 4.01 0.52 -10.8 5.5
e-WT 0.79 0.59 6.55 1.57 0.54 -9.9 5.1
e-WT:N 0.35 0.11 3.55 0.56 0.23 -7.2 3.7

a Second-order rate constant for Cc reduction at 60 mM ionic strength. b Second-order rate constant for Cc reduction extrapolated to infinite ionic
strength. c Values estimated according to the formalism developed in ref 34. d These data correspond to the null mutant subjected to nitration treatment.

FIGURE 4: Dependence upon CcO concentration of kobs for oxidation
of different Cc species in the nonnitrated (upper) and nitrated (:N)
(lower) forms. The reaction mixture contained (in a final volume
of 0.8 mL) 10 mM Tris-HCl, pH 7.4, 2 mM EDTA, 0.07% dodecyl
�-maltoside, 50 mM KCl, 100 µM FMN, and 40 µM Cc. The
experiments were performed at room temperature. The lines for
h-WT and e-WT correspond to theoretical fittings by use of the
formalism developed in ref 37. Other experimental conditions were
as described under Experimental Procedures.

Table 4: Kinetic Parameters for Oxidation by Horse CcO of Different
Cc Speciesa

cytochrome k2 × 10-6 (M-1 s-1) KA × 10-4 (M-1) k′et (s-1)

h-WT 3.7 301
h-WT:N 1.43
h-Y46 7.00
h-Y48 12.30
h-Y67 8.56
h-Y67:N 2.65
h-Y74 3.46
h-Y74:N 2.11
h-Y97 9.77
h-Y97:N 8.65
h-Null 9.38
h-Null:N 7.95
e-WT 6.0 680
e-WT:N 1.77
a KA and k′et values were estimated according to ref 37.
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to what is expected from the increase in driving force of the
reaction due to the lower redox potential of nitrated proteins.
Such a decrease in reactivity is a specific effect of nitration
on the interaction with CcO, because the reactivity of the
nitrated WT proteins with flavins was affected to a much
lesser extent (Table 3). It is also worth noting that both
nitrated WT forms present similar reactivity toward CcO,
in contrast to the notably higher reactivity of horse Cc in its
nonnitrated form, indicating that horse Cc is more affected
by polynitration than human Cc. In addition, the polynitrated
forms of WT Ccs show lower kinetic parameters than the
mononitrated mutants (Table 4), thus indicating that the effect
of nitration on reactivity with CcO seems to be accumulative,
contrary to the effect observed in the reactivity with flavins,
rather than the result of modifying any specific tyrosine
group. With regard to the monotyrosine mutants, nitration
of h-Y67 and h-Y74 promotes a significant decrease of the
k2 values for the interaction with CcO (up to 70% and 40%,
respectively), while mutants h-Y97 and h-Null exhibit no
significant change of reactivity (12% and 15% of decrease,
respectively). Thus, the reactivity of mutants bearing nitro-
tyrosines 67 and, to a lesser extent, 74, is largely affected,
indicating that the change of reactivity of the polynitrated
WT protein is mainly due to nitration of these two tyrosine
residues.

ActiVation of Caspases by Different Cc Variants, both
Nonnitrated and Nitrated. As stated in the introduction,
nitrated Cc has been proposed to act as an apoptosis
signaler (2, 15, 16). However, some studies have shown that
nitrated Cc has a lower ability to activate caspases (17, 18, 23),
suggesting that the modified protein is not fully functional
in apoptosome assembly or operation. Thus, the ability of
nitrated Cc to activate caspases was first analyzed here.

As shown in Figure 5 (lower panel), Jurkat cell extracts
preincubated with increasing concentrations of nitrated WT
Cc showed poor ability to activate caspases, as previously
reported (17, 18). This diminished ability concerns both the

concentration of nitrated Cc required to saturate the caspase
activity (5-10 times more) and the maximum activity level
attained at saturating Cc concentration (15% of the nonni-
trated Cc). Thus, nitrated Cc has both a decreased affinity
toward Apaf-1 (see also below) and a lower ability to form
an active apoptosome. The differences between nonnitrated
and nitrated Cc were maintained when Cc was preincubated
at a fixed concentration with increasing levels of cell extracts
(data not shown). The decrease in caspase activation is clearly
not due to unspecific protein modifications arising from the
treatment with peroxynitrite, as nonnitrated Cc recovered
after protein nitration behaved as the WT species (data not
shown).

To assess whether the decreased efficiency of caspase
activation of polynitrated WT Cc is due to modification of
any specific tyrosine residue, the reactivity of the monoty-
rosine mutants, both nonnitrated and nitrated, was also
analyzed. The h-Null mutant, without any tyrosine residues,
was also used as a control. Figure 5 (upper panel) shows
that all the nonnitrated mutants conserved the ability to
activate caspases: although slightly lower activation levels
were observed, no drastic changes in the concentration of
Cc were required to saturate the process in all cases (Figure
5, upper panel), suggesting that tyrosines are not essential
for caspase activation. The h-Y74 mutant showeded almost
the same ability to activate caspases as WT, whereas the
h-Null mutant showed the greatest alteration.

Nitration of the different monotyrosine Cc mutants seri-
ously affects their ability to activate caspases, but mainly
by lowering the activity at saturating Cc concentration while
maintaining the saturation profile of the corresponding
nonnitrated proteins (Figure 5, lower panel). This finding
suggests changes in the ability to form an active apoptosome
without influencing the Cc-Apaf-1 interaction. Recent
preliminary results obtained in a study with mononitrated
horse Cc show that the time course of activation of caspases
by Cc is significantly altered by nitration of tyrosine 74,
whereas the effect of nitration of tyrosine 97 is much more
modest (23). In our hands, the h-Null mutant, which was
subjected to the same nitration process as a control, reached
similar activation levels as the nontreated protein, demon-
strating that the chemical treatment does not significantly
affect the protein structure. Higher activities were obtained
with the nitrated mutants h-Y48 and h-Y67 (ca. 50%
compared to the nonmodified mutants), whereas the nitrated
h-Y46, h-Y74, and h-Y97 proteins were more affected (ca.
25% compared to the nonmodified mutants). All these data
suggest that the inhibitory effect on caspase activation
observed with the polynitrated WT protein can be ascribed
to the additive nitration of different tyrosine groups rather
than to the specific nitration of any particular residue, as also
observed with CcO.

In this context, nitration of the h-Y46, h-Y97, and in
particular the h-Y74 mutant yields the greatest effects. As
stated before, tyrosine residues at positions 46 and 74 are
located at the surface of Cc, near the heme group, whereas
that at position 97 is on the opposite side of the protein. In
particular, tyrosine 74 is close to lysine 72, which has an
important role in the interaction of Cc with Apaf-1 (42, 43).
All these data indicate that the interaction with Apaf-1 takes
place mainly through the heme side of Cc, although there
should be a global recognition of the whole molecule, as

FIGURE 5: Activation of caspases in Jurkat cell extracts by human
WT, h-Null mutant, or monotyrosine Cc. (Upper panel) Each sample
contained 100 µg of cell extracts and heme protein at varying
concentration. (Lower panel) Same as above but the nitrated species
of each heme protein was used. Other conditions were as described
under Experimental Procedures.
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previously suggested (43-45). It is also noteworthy that the
observed differences among the monotyrosine mutants were
maintained when activation experiments were performed at
different concentrations of KCl (data not shown).

From the results obtained with the different nitrated
proteins, we conclude that the modified cytochromes cannot
act as efficient apoptotic agents inducing apoptosome activa-
tion. On the contrary, nitrated Cc could act as an apoptosis
inhibitor by competing with the native protein by Apaf-1
binding. In agreement with the diminished affinity showed
by the polynitrated WT Cc (see above), coincubation of
Jurkat cell extracts with both nitrated and nonnitrated WT
Cc did not interfere with caspase activation by the latter
(Figure 6). However, when samples were briefly preincubated
with polynitrated Cc before the native protein was added, a
significant decay in caspase activity was detected at increas-
ing levels of nitrated Cc (Figure 6). This finding suggests
that polynitrated Cc can interact with Apaf-1, although with
less affinity, to induce certain conformational changes that
could impair activation of caspases, as suggested previously
for the (d)ATP exchange (46).

CONCLUDING REMARKS

Nitration of WT Cc drastically decreases both its reactivity
with CcO and its ability to activate caspases, affecting both
its affinity with Apaf-1 and the assembly of a functional
apoptosome. This behavior can be ascribed to the additive
effect of nitration of different tyrosine groups, rather than
to the specific nitration of any particular residue. In summary,
nitrated Cc is not able to form an active apoptosome but
impairs the respiratory electron-transfer process, contributing
to increased RNOS production by mitochondria.
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