
Cytochrome c is a heme protein that par-
ticipates in the electron transfer in the respiratory 
chain. Recently it has been discovered that cyto-
chrome c, under certain stimulation is released from 
mitochondria into the cytosol, where it takes part 
in the propagation of the apoptotic cascade (Li et 
al., 1997; Kluck et al., 1997; Skulachev, 1998). In this 
process a conformational transition of cytochrome c 
molecule to the non-native B2 states has been sug-
gested. It has been proposed that similar changes in 
the cytochrome c molecule can be induced by the 
anionic surfactant sodium dodecyl sulphate (SDS) 
(Oellerich et al., 2003). 

A common characteristic of the non-native B2 
states is the dissociation of the axial Met80 ligand 
from the heme iron and its replacement by His33 
(His26), or leaving the sixth coordination position 
unoccupied (Oellerich et al., 2002). Another indicator 
of the non-native states of cytochrome c is its perox-

idase-like activity. It has been shown that when the 
structure of cytochrome c is perturbed, e.g. by un-
folding, its peroxidase-like activity increases consid-
erably. For example, increased peroxidase activity 
has been reported for cytochrome c in the presence 
of phospholipid bilayer membrane (Hamachi et al., 
1994), or ionic surfactants (Gębicka, 2001; Diederix 
et al., 2004), when unfolded by guanidinium hydro-
chloride (Diederix et al., 2002), oxidized by reactive 
halogen species (Chen et al., 2002), or by hydroxyl 
and CO3

– • radicals generated radiolytically (Gębicka 
& Didik, 2003), as well as when modified by perox-
ynitrite (Cassina et al., 2000; Gębicka & Didik, 2003). 
The enhancement of the peroxidase-like activity is 
due to the higher reaction rate of cytochrome c with 
H2O2, which is the rate-determining step in the 
peroxidase cycle of cytochrome c. Despite a lack of 
spectroscopic evidence, it is generally accepted that 
H2O2 oxidizes cytochrome c to a ferryl-radical com-
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pound I-type intermediate. The radical site, initially 
located on the porphyrin ring, is rapidly transferred 
to tyrosine (Barr et al., 1996; Chen el al., 2002; Law-
rence et al., 2003). It is possible that in the absence of 
reducing substrates compound I of cytochrome c ox-
idizes amino acids located in the vicinity of heme or 
heme itself (Barr et al., 1996). As a result, the Soret 
absorbance spectrum bleaches (Florence, 1985; Radi 
et al., 1991; Villegas et al., 2000; Gębicka, 2001; Castro 
et al., 2004). 

It is worth noting that both SDS monomers 
and micelles interact with cytochrome c (Otzen & Ol-
iveberg, 2002; Oellerich et al., 2003). The peroxidatic 
activity of cytochrome c increases with the increase 
of SDS concentration to reach plateau a�er exceed-
ing critical micelle concentration (CMC) (Gębicka, 
2001; Diederix et al., 2004). 

Peroxynitrite (ONOO–/ONOOH) is a strong 
oxidizing and nitrating agent generated from a near-
ly diffusion controlled reaction of nitric oxide with 
superoxide. Whereas peroxynitrite anion is stable, 
peroxynitrous acid (pK = 6.8) rapidly isomerizes to 
nitrate, partially (about 30%) via •OH and •NO2 radi-
cals (for a recent review see Augusto et al., 2002). It 
is generally accepted that many reactions of perox-
ynitrite with inorganic and organic substrates are 
primarily induced by these two radicals (Kirsch et 
al., 2003). There are, however, substrates which are 
oxidized directly by peroxynitrite (Goldstein & Czap-
ski, 1995). Many heme proteins react with peroxyni-
trite in a similar way as with H2O2, i.e. peroxynitrite 
oxidizes heme iron to form a ferryl heme derivative, 
which in turn reacts with a second peroxynitrite 
molecule or other substrate to restore native enzyme 
(Floris et al., 1993; Gębicka & Gębicki, 2000; Herold 
& Shivashankar, 2003). As a result, faster peroxyni-
trite decay is observed in the presence of such rea-
gents. On the other hand, ferric heme iron in native 
cytochrome c does not react with peroxynitrite. In-
termediate products of peroxynitrite decomposition, 
•OH/•NO2

 radicals, are the species responsible for 
cytochrome c modification (Gębicka & Didik, 2003). 

As the conformational changes which take 
place in SDS-treated cytochrome c as well as modi-
fication of cytochrome c by radicals from peroxyni-
trite decomposition facilitate the reaction of heme 
iron with H2O2 (enhanced peroxidase-like activity), 
we a�empted in this study to check whether two 
unfolding factors, SDS and peroxynitrite or radiation 
(hydroxyl radicals), act synergistically in increasing 
the peroxidatic activity of cytochrome c.

MATERIALS AND METHODS

Peroxynitrite was prepared by the method 
described by Pryor et al. (1995). The final concentra-
tion of peroxynitrite was about 30 mM as measured 

spectrophotometrically at 302 nm (ε = 1670 M–1 cm–1 
(Hudges & Nicklin, 1968)). Stock solutions were 
stored at –25oC and used within 3–4 weeks a�er 
synthesis. 

Cytochrome c from horse heart was obtained 
from Sigma. An absorption coefficient of 1.06 × 105 
M–1 cm–1 at 410 nm (Goto et al., 1993) was used for 
spectrophotometric determination of cytochrome c 
concentration. In all experiments, micellar solutions 
of SDS (from Sigma) were used. CMC of SDS in wa-
ter is about 8 mM, but it decreases with increasing 
ionic strength and is about 4.5 mM and 1 mM in 
the presence of 10 mM and 100 mM Na-phosphate 
buffer, respectively (Reynolds & Tanford, 1970). 

The reaction of peroxynitrite with SDS-modi-
fied cytochrome c was studied using an SX-17 Ap-
plied Photophysics stopped-flow spectrophotometer 
with a 1-cm cell and with a mixing time <1 ms. Stock 
solutions of peroxynitrite were diluted to the appro-
priate concentration with 0.01 M NaOH, cytochrome 
c was dissolved in 0.02 M SDS in 0.2 M phosphate 
buffer, pH 7.0. Equal volumes of peroxynitrite and 
cytochrome c were mixed in the cell and absorption 
changes were monitored at 302 and 404 nm. 

Autodecomposition of peroxynitrite was mon-
itored at 302 nm a�er mixing peroxynitrite solution 
with 0.2 M phosphate buffer, pH 7.0 or with 0.02 M 
SDS in 0.2 M phosphate buffer, pH 7.0. Replicate 
mixing was performed outside of the stopped-flow 
apparatus to measure the pH of the reaction mix-
ture. The process of mixing increased the pH by 0.1 
unit. 

Hydroxyl radicals were produced by γ-irra-
diation of N2O-saturated aqueous solution of cyto-
chrome c with a dose rate of 0.025 J kg–1 per second. 
Radiolysis of water saturated with N2O leads to the 
conversion of all e–

aq to •OH (0.54 μmol J–1 of hy-
droxyl radicals are generated (Buxton et al., 1988)). 
Under our experimental conditions the rate of •OH 
formation was 13.5 nM per second. 

Absorption spectra and kinetic measurements 
in long-time regime were taken on a Hewle�-Pack-
ard 8452A diode-array spectrophotometer. 

The peroxidase activity of cytochrome c was 
assayed by the 2,2’-azino-bis[ethyl-benzothiazoline-
(6)-sulphonic acid] (ABTS) method (Childs & Bards-
ley, 1975) at pH 7.0 or 7.1 (small pH changes around 
pH 7 did not influence the rate of ABTS oxidation).

All kinetic measurements were carried out 
at 24 ± 0.5oC. Water from MilliQ Plus was used 
throughout.

RESULTS AND DISCUSSION

We found that peroxynitrite autodecomposes 
in 10 mM aqueous solution of SDS, pH 7.1 with the 
same rate as in the absence of SDS (0.04 ± 0.05 s–1) 
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(not shown). This means that SDS is not a scaven-
ger for peroxynitrite. The rate of peroxynitrite decay 
did not change when cytochrome c at micromolar 
concentrations was present in buffered SDS solution. 
Thus, SDS-modified cytochrome c, like its native 
form, does not catalyze decomposition of peroxyni-
trite (Gębicka & Didik, 2003). Addition of an up to 
50-fold excess of peroxynitrite did not cause changes 
of the absorption spectrum of SDS-modified cyto-
chrome c in the Soret region. It should be noted that 
in the presence of SDS, the maximum of the Soret 
absorbance is blue shi�ed (from 410 to 407–400 
nm, depending on SDS concentration) (Gębicka & 
Gębicki, 1998; Oellerich et al., 2003). We found that 
the rate of absorbance decay of SDS-modified cyto-
chrome c, observed at 404 nm, induced by a large 
excess of peroxynitrite, is the same as the rate of 
spontaneous peroxynitrite decay. This means that 
the absorbance changes of the Soret band of SDS-
modified cytochrome c are induced by intermediate 
radical products of ONOOH decomposition. How-
ever, the yield of bleaching (determined a�er correc-
tion for peroxynitrite absorbance at this wavelength) 
was approximately 2-fold higher than that observed 
for cytochrome c in the absence of SDS a�er treat-
ment by the same amount of peroxynitrite (Gębicka 
& Didik, 2003). 

Incubation of SDS-modified cytochrome 
c with peroxynitrite (the highest [peroxynitrite]/
[cytochrome] ratio was 1000) lowered the peroxi-
datic activity of this protein (Table 1), although it 
remained higher than that determined for native 
cytochrome c. During decomposition of peroxyni-
trite •OH and •NO2 are formed as intermediates. 
Hydroxyl radical reacts with all biological molecules 
at or near to diffusion-controlled rates. It causes 
damage closely to the site of its generation. Nitrogen 
dioxide is much more specific. It oxidizes cysteine, 
tryptophan and tyrosine as well as nitrates tyrosine 
and tryptophan. Nitration is significantly enhanced 
in the presence of •OH radicals. This is due to the 
fact that hydroxyl radical very quickly oxidizes ty-
rosine or tryptophan to phenoxyl or indolyl radical 
which then recombines with •NO2 (Augusto et al., 
2002). The rate constants of the reaction of •OH with 
cytochrome c, with SDS in the monomeric form, and 
with SDS micelles have been found to be 1.4 × 1010 
M–1 s–1 (Buxton et al., 1988), 7.9 × 109, and 5.0 × 108 
M–1 s–1 (Bansal et al., 1971), respectively. Due to the 
large excess of SDS in the investigated system, the 
hydroxyl radicals generated during peroxynitrite 
decomposition react mainly with SDS molecules 
forming SDS• radicals. The rate constants of SDS 
with inorganic radicals other than •OH are not high 
(Neta et al., 1988) and it seems that SDS is not a tar-
get for •NO2. Evers et al. (1978) have suggested that 
SDS• radicals, produced radiolytically, cause degra-
dation of the porphyrin ring of protoferriheme IX. 

It is known that SDS binds to proteins. Under our 
experimental conditions probably all cytochrome c 
molecules are complexed with SDS (Oellerich et al., 
2003). This leads to partial unfolding of the protein 
and, as a consequence, hydrogen peroxide has a bet-
ter access to the heme iron. On the other hand, it 
seems very likely that amino acids, which in native 
cytochrome c are well buried, become accessible for 
reactive species in the SDS-modified protein mole-
cule. Thus SDS• radicals formed during the reaction 
of SDS-modified cytochrome c with peroxynitrite 
probably damage the amino acids located near the 
heme center, i.e. those involved in the reaction with 
H2O2. Damage of the heme group in cytochrome c 
by SDS• radicals is also possible. As a result, lower 
peroxidase-like activity is observed.

We also measured absorption spectra and per-
oxidatic activity of SDS-modified cytochrome c a�er 
exposure to hydroxyl radicals generated radiolytical-
ly. N2O-saturated aqueous solutions of cytochrome c 
(4 μM) containing 10 mM SDS were exposed to γ-ir-
radiation. We observed that the rate of the decrease 
of the Soret band of cytochrome c irradiated in the 
presence of SDS was significantly higher than that 
of cytochrome c irradiated in the absence of SDS 
(Fig. 1). We have earlier shown that cytochrome c 
modified by SDS is more sensitive to the destruc-
tive action of H2O2 (Gębicka, 2001). Under our ex-
perimental conditions, 6.3 μM H2O2 was produced 
in the system a�er absorbing a dose of 90 Gy. We 
checked that incubation of SDS-treated cytochrome 
c (4 μM) with 3 × 10–5 M H2O2 for 1 h caused a 
decrease of absorbance at the Soret band by 20%. 
The absorbance of native cytochrome c treated with 
the same amount of H2O2 for 1 h did not change. 
Thus, generation of H2O2 during irradiation can be 
excluded as the main reason of heme destruction 
in SDS-modified cytochrome c. Taking into account 
the concentrations of cytochrome c and SDS in the 
irradiated aqueous solution and their rate constants 
with •OH, under such experimental conditions, as 
well as in the experiments with peroxynitrite, one 
concludes that hydroxyl radicals react preferential-
ly with SDS, forming SDS• radicals, which in turns 
react with cytochrome c. Peroxidase-like activity of 
SDS-modified cytochrome c a�er radiation treatment 
decreases significantly with the dose (Fig. 2). On the 
other hand, cytochrome c irradiated without SDS 
exhibits an increased peroxidatic activity, despite di-
minished absorbance of the Soret band (Gębicka & 
Didik, 2003). 

The damage of SDS-modified cytochrome c 
caused by irradiation is much more significant than 
that observed a�er peroxynitrite treatment. For ex-
ample, the peroxidase-like activity of SDS-modified 
cytochrome c a�er irradiation with a dose of 90 Gy 
(about 50 μM •OH is generated) is 20 times lower 
than that measured before irradiation (Fig. 2). On 
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other amino acid radicals formed in the vicinity of 
heme in SDS-modified cytochrome c under oxidizing 
conditions. The primary radical sites near the heme 
center may also be transferred to other amino-acid 
residues important for the catalytic reaction. The 
overall effect observed is that the peroxidase-like ac-
tivity of SDS-modified cytochrome c decreases with 
an increase of the concentration of oxidizing species.
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