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Abstract

Upon interaction with anionic phospholipids, particularly mitochondria-specific cardiolipin (CL),

cytochrome c (cyt c) loses its tertiary structure and its peroxidase activity dramatically increases.

CL induced peroxidase activity of cyt c has been found to be important for selective CL oxidation

in cells undergoing programmed death. During apoptosis, the peroxidase activity and the fraction

of CL-bound cyt c markedly increases suggesting that CL may act as a switch to regulate cyt c’s

mitochondrial functions. Using cyclic voltammetry and equilibrium redox-titrations, we show that

the redox potential of cyt c shifts negatively by 350–400 mV upon binding to CL-containing

membranes. Consequently, functions of cyt c as an electron transporter and cyt c reduction by

Complex III are strongly inhibited. Further, CL/cyt c complexes are not effective in scavenging

superoxide anions and are not effectively reduced by ascorbate. Thus, both redox properties and

functions of cyt c change upon interaction with CL in the mitochondrial membrane, diminishing

cyt c’s electron donor/acceptor role and stimulating its peroxidase activity.
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Cytochrome c (cyt c) is a globular redox protein that shuttles electrons between respiratory

Complexes III and IV in mitochondria (1, 2). Despite almost 80 years of studies and a vast

accumulation of data, new facets of its biological role have been discovered recently. One

newly established function of cyt c, associated with its electron donor-acceptor properties, is

realized during its interactions with superoxide (3). In this capacity, cyt c assumes an

antioxidant role by effective quenching of this oxygen radical (4). Another newly discovered

function of cyt c, which is not redox-related, is realized outside of mitochondria. After its

release into the cytosol during apoptosis (5, 6), cyt c binds to Apaf-1 protein, causing its

oligomerization and thus activates caspase cascades (7).

Recently, we described another important role of cyt c in apoptosis in which it displays

peroxidase behavior (8). Cyt c acts as a catalyst for peroxidation of cardiolipin (CL), which

is a mitochondria-specific anionic phospholipid, by hydrogen peroxide that is generated in
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the early stages of apoptosis. CL peroxidation contributes to the permeabilization of the

outer mitochondrial membrane and the release of cyt c and other pro-apoptotic factors from

the inter-membrane space into the cytosol. At later stages of apoptosis, the cytosolic cyt c

catalyzes peroxidation of another anionic phospholipid, phosphatidylserine (PS), in the

plasma membrane. Thus, it plays a part in PS externalization and generates an “eat-me”

signal for clearance of apoptotic cells by macrophages (9).

The involvement of cyt c in several intra-mitochondrial tasks suggests that a regulation

mechanism exists to switch from the electron shuttling (or normal) function to the

peroxidase (or apoptotic) function of the hemoprotein. Under ‘normal’ conditions Complex

III (cytochrome bc1) located in the inner mitochondrial membrane reduces cyt c, while

Complex IV (cytochrome c oxidase) oxidizes it (1). Cyt c accepts electrons from Complex

III at a redox potential of about +250 mV vs SHE while it donates electrons to CuA site in

Complex IV at a redox potential of around +285 mV vs SHE (10). Any significant change of

the redox potential of cyt c is likely to disrupt the electron transfer reactions and inhibit

electron transport between the complexes. One potentially important distinction between the

mitochondrial ‘electron shuttle’ pool of cyt c and the mitochondrial ‘peroxidase’ pool of cyt

c is the association of the latter with CL (8, 11). The CL associated cyt c has a redox

potential, which is significantly more negative than the ‘native’ form (vide infra). During

apoptosis, the peroxidase activity and the fraction of CL-bound cyt c markedly increases.

These findings suggest that CL acts as a switch to regulate cyt c’s mitochondrial functions;

however, specific mechanisms through which this key function is realized remain to be

elucidated.

Because porphyrin and two axial ligands (His-18 and Met-80) of iron in cyt c prevent direct

interaction of hydrogen peroxide with the catalytic metal site, native cyt c in solution is a

poor peroxidase (12). In the presence of CL- (or PS-) containing liposomes, the peroxidase

activity of cyt c increases by two orders of magnitude (8, 11, 13). Apparently, increased

peroxidase activity of cyt c upon its interaction with anionic membranes is associated with

destabilization of its tertiary structure (14–16). Although interactions of cyt c with

negatively charged membranes have been examined in numerous studies (17–21), the

findings relevant to the redox properties of cyt c bound to anionic lipid membranes are

conflicting. Tollin et al. reported a positive shift of the redox-potential of cyt c interacting

with a CL-containing bilayer deposited on the surface of an electrode (22). Wang et al.

demonstrated a small negative shift of the cyt c redox potential upon interaction with CL-

containing lipid monolayers (23). Electrochemical studies on metal electrodes covered with

anionic self-assembled monolayers (SAMs) reveal a significant negative shift of the cyt c’s

redox potential (24, 25).

The redox potential of cyt c is critical to understanding its role in normally functioning

mitochondria vs “death-machines” in apoptotic cells. Therefore, in this work we examined

the redox properties of cyt c in its complex with CL. The redox behavior of cyt c bound to

anionic membranes was studied using two different approaches – direct electrochemistry of

cyt c molecules bound to monolayers and redox titrations of cyt c bound to CL-containing

liposomes. In addition, the effect of CL binding on the redox reactions of cyt c with isolated

mitochondrial Complexes III and IV as well as liver and brain mitochondria, and on the

regulation of electron transport activity in the mitochondrial respirtatory chain, were

examined by electron spin resonance technique (EPR) and optical absorbance. The data

show that binding of cyt c to CL causes: 1) a significant (~350–400 mV) negative shift of

the redox potential of cyt c; 2) an inhibition of cyt c reduction and by purified respiratory

Complex III and in mitochondria; 3) an interruption of mitochondrial electron transport; and

4) an inability to oxidize superoxide and ascorbate.
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Experimental section

Materials

Horse heart cyt c (type C-7752, purity of >95%), ascorbate, sodium hydrosulfite (dithionite,

purity 87.7%), monobasic and dibasic sodium phosphate, HEPES,

diethylenetriaminepentaacetic acid (DTPA), phosphate buffered saline (PBS), hydrogen

peroxide (H2O2), ethylene glycol-bis (2-aminoethylether)-N,N,N′,N′-tetraacetic acid

(EGTA), sucrose, Tris, 2-methyl-2-nitrosopropane (MNP), myxothiazol, alamethicin,

mannitol, xanthine, xanthine oxidase, 7-carboxy-1-heptanethiol (HOOC-(CH2)7-HS), (1-

cyclohexyl-3-(2-morpholinoethyl) carbodiimide metho-p-toluenesulfonate)

C14H26N30C7H7O3S - carbodiimide linker (CMC) were purchased from Sigma. Sodium

lauryl maltoside (n-dodecyl-b-D-maltopyranoside) was obtained from Anatrace Inc. 1,2-

Dioleoyl-sn-Glycero-3-Phosphocholine (PC, DOPC), 1,1'2,2'-Tetraoleoyl Cardiolipin (CL,

TOCL) were purchased from Avanti Polar Lipids Inc.

Small unilamellar liposomes were prepared using a tip sonicator (Ultrasonic, Homogenizer

4710 Series, Cole-Palmer-Instrument Co., Chicago, IL) as described on the website

www.avantilipids.com. Liposomes were made from TOCL and DOPC (1:1 molar ratio) and

DOPC alone in 20 mM sodium phosphate or HEPES buffers containing 100 µM DTPA, pH

7.4. Under conditions of our experiments, TOCL did not undergo autooxidation or any

significant oxidation by the peroxidase activity of the cyt c/TOCL complex, as was verified

by assessments of CL-OOH content using a sensitive fluorescence HPLC-based protocol

(8). Indeed, even after 60 min incubation of TOCL (100 µM) in the presence of cyt c (4 µM)

and H2O2 (100 µM) the contents of CL-OOH in the samples were very low and not

significantly different from the controls (at 0 min incubation) (9.0±1.0 vs 6.0±0.6 pmoles

CL-COOH/nmol CL, respectively). In contrast, polyunsaturated tetralinoleoyl-CL (TLCL)

was readily oxidized by the peroxidase activity of cyt c/CL: from 8.0±0.9 to 160±17.0

pmoles CL-OOH/nmoles CL (26). These results are in line with our previous report on high

oxidizability of polyunsaturated CLs (such as TLCL or bovine heart CL) and the

insensitivity of TOCL to oxidation catalyzed by the peroxidase activity of cyt c/CL

complexes (26). Very low content of lipid peroxides in TOCL samples was also confirmed

by EPR experiments that revealed no g=4.3 EPR signals (indicating heme oxidation) from

the mixture of cyt c and TOCL in the absence of exogenous H2O2 in the incubation system.

However, the g=4.3 EPR signal was readily detectable upon the addition of hydrogen

peroxide.

Cyclic Voltammetry (CV) was performed using a CH Instrument Electrochemical

Analyzer 618B. The three-electrode electrochemical cell, which was used for collecting

immobilized cyt c data, contained a platinum wire counter electrode, an Ag/AgCl (1 M KCl)

reference electrode, and a SAM-modified gold working electrode. The Ag/AgCl reference

electrode was calibrated against a saturated calomel electrode before experimentation. All

redox potentials in the paper are reported versus the standard hydrogen electrode (SHE).

Electrode Preparation—A gold wire (0.5 mm diameter, purity 99.99%) was cleaned by

reflux in concentrated nitric acid (68–70%) at 130°C for 1 hour and then was washed with

deionized water. The tip of the gold wire was heated to form a ball of ~0.06–0.15 cm2

surface area. The gold ball was reheated in the flame until glowing and then quenched in

deionized water. This annealing process was performed more than 15 times to make a

smooth gold ball. The exposed gold wire was sealed in a glass capillary tube, and the gold

ball tip was annealed and cooled in a high-purity stream of Ar gas.

Self-assembled monolayer (SAM) solutions—For the pure carboxylic acid-

terminated SAMs, the concentration of the solution was 2 mM alkanethiol in absolute
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ethanol. For the mixed carboxylic acid-terminated and hydroxyl-terminated alkanethiols

(seven methylenes) SAMs, the total concentration of the solution was 2 mM at a ratio of 1:1.

Immobilization of cyt c—Chemically modified electrodes were prepared by placing gold

ball electrodes into the SAM solution overnight. Subsequently, the electrodes were removed

from the solution, first rinsed with absolute ethanol, then rinsed with the supporting buffer

solution (10 mM sodium phosphate buffer, pH 7.0), and finally dried in a stream of dry

argon gas. To immobilize cyt c covalently, the modified electrodes were placed into a 5 mM

CMC solution in 100 mM sodium phosphate buffer at pH 7.0 for half an hour to activate the

carboxyl group in the SAM. After the activation, the electrodes were rinsed with supporting

buffer solution again and placed into 100 µM cyt c solution in 10 mM phosphate buffer pH

7.0 for 1 hour. To immobilize cyt c electrostatically, we skipped the carboxyl group

activation step and directly placed the modified electrodes into the cyt c solution. After

rinsing with buffer solution, these electrodes were immediately used in voltammetry studies.

Redox Titration

The absorbance spectra of cyt c at different dithionite concentrations were recorded on a

Cary Bio 50 UV/Vis spectrophotometer. All dithionite titrations were performed in a glove

box under strictly anaerobic conditions. Two redox dyes (mediators) were used in the

titration experiments: gallocyanine (E0=+20 mV) (27) and indigo carmine (E0=−125 mV).

Concentrations of reduced and oxidized forms of cyt c and mediators were obtained by

leastsquares fitting of the optical absorption spectra of the reaction mixture to a

superposition of the individual optical spectra of the redox forms of the dyes, the liposomes,

and the redox states of cyt c bound to liposomes at low and high lipids/protein ratios.

Isolation of Mitochondria

Liver mitochondria were isolated from male Sprague–Dawley rats using a percoll gradient

as described previously (8). The final pellet was frozen at −80°C for later use.

Complex III Enzymatic Activity

Ubiquinol:ferricytochrome c oxidoreductase (Complex III) activity was measured in the

absence of detergent by a modification of the method by Gudz et al. (28). Reduction of cyt c

by decylubiquinol was monitored by an increase in the absorbance at 550 nm at 30°C. To

provide access of cyt c to Complex III, a mitochondria suspension (in 0.32 M sucrose in 10

mM Tris buffer (pH 7.4)) was subjected to nitrogen cavitation. The activity of Complex III

was calculated from the difference between the rate of reduction of cyt c in the absence and

in the presence of 2.5 µM of a specific Complex III inhibitor, myxothiazol (29).

Decylubiquinol was prepared according to the method of Birch-Machin et al. (30).

Succinate-Oxidase Activity in mitochondria was measured after treatment with alamethicin

using the assay of fumarase dehydrogenase reaction to oxidize fumarate in the presence of

cyt c (10 µM) and TOCL (62 µM)/DOPC (125 µM) and DOPC (250 µM) liposomes. The

incubation medium contained KCN (31).

Complex III and IV purification and manipulations

Bovine Complexes III and IV were each purified from mitochondria isolated from beef

hearts obtained from a local slaughter house. Complex III was subsequently isolated using a

modified method of Hatefi as described by Ragan et al. (32). Complex IV was first separated

from the mitochondrial preparations using a sodium cholate extraction and ammonium

acetate precipitation as described by Ragan et al. and then finally purified by the ammonium

sulfate/cholate procedure of Yonetani (33). Enzymes preparations were stored in liquid
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nitrogen (77K) until used. Activity of enzymes (22°C) was determined by

spectrophotometric monitoring of cyt c reduction at 550 nm. Typically, the specific activity

of Complex III preparations was 70–120 µmol/min/mg and the turnover number of Complex

IV preparations was 340 (+/− 30) per second. Activity of enzymes (22°C) was determined

by spectrophotometric monitoring at 550 nm. Typically, the specific activity of Complex III

preparations was 70–120 µmol/min/mg and the turnover number of Complex IV

preparations was 340 (+/− 30) per second.

EPR Measurements

EPR spectra were recorded at room temperature on JEOL-REIX spectrometer with 100 kHz

modulation (Kyoto, Japan). A 50 µL sample was placed in teflon tubing (0.8 mm internal

diameter, 0.013 mm thickness) obtained from Alpha Wire Corp. (Elizabeth, NJ). The tubing

was folded and placed in an open 3.0 mm internal diameter EPR quartz tube. EPR spectra of

a reduced spin trap, MNP (MNP-H•, t-butyl hydronitroxide), were recorded at 3350 G,

center field; 100 G, sweep width; 20 mW, microwave power; 0.79 G, field modulation;

4×103, receiver gain; 0.1 s, time constant; 4 min, scan time. The spectra of MNP-H• are

presented as an average of three recordings. The simulated spectra were generated using the

WinSim program of the NIEHS public EPR software package (http://epr.niehs.nih.gov). The

ascorbate radical EPR spectra were recorded under the following instrumental settings: 3350

G, center field; 10 G, sweep width; 10 mW, microwave power; 0.5 G, field modulation; 103,

receiver gain; 0.03 s, time constant; 4 min, scan time. The time courses of ascorbate radical

generation were obtained by repeated scanning of the EPR spectrum (5 G, sweep width;

other instrumental conditions were the same as above).

Cyt c Reduction by Ascorbate and Superoxide

The time course of cyt c reduction by ascorbate and superoxide generated in the xanthine/

xanthine oxidase system (34) were recorded on a UV160U spectrophotometer (Shimadzu,

Japan) in 1.0 cm pathlength cuvette. For both reactions, cyt c was preincubated (15 min)

with TOCL/DOPC (1:1) liposomes. Ascorbate or xanthine was added to start the reaction

and the absorbance at 550 nm was recorded for 10 and 5 min, respectively. The reference

cuvette contained the same amount of liposomes.

Statistics

Data are expressed as means (SD) of at least triplicate determinations. Changes in variables

were analyzed by one-way ANOVA for multiple comparisons. Difference was considered

significant at p < 0.05.

Results

Cyclic Voltammetry of Cyt c in the Presence of CL

Cyclic voltammetry was used to characterize the redox properties of CL/cyt c complexes.

Cyt c molecules were covalently attached to the terminal carboxyl functionalities of

alkanethiol (seven methylenes) SAM coated gold electrodes. A typical cyclic

voltammogram showed the reduction and oxidation peaks centered close to +220 mV

(Figure 1a). Thus, the redox potential of cyt c on the anionic SAM is shifted by −40 mV vs

that of cyt c in solution (+260 mV) (35). This shift is consistent with that reported earlier

(25) and probably arises from the electrostatic field of negatively charged carboxylic groups

of the SAM. Figure 1a shows the time-dependent changes of cyclic voltammograms of cyt c

in the presence of TOCL-liposomes. Addition of CL-containing liposomes (TOCL/DOPC

1:1) resulted in a gradual disappearance of the reduction peak at around +220 mV and the

emergence of a new reduction peak at around −200 mV, over the course of an hour (Figure
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1a). The oxidation peak was also shifted to more negative potentials, however only by about

50 mV. The appearance of the new reduction peak is consistent with the previously reported

significant negative shift of the cyt c’s redox potential after its immobilization on SAMs

containing puridine, imidazole, nitrile functionalities that ligate axially to the heme moiety

(36). More recently, Fedurco et al. (37) have detected new peaks (at ca −200 mV) after

denaturing of cyt c by 9 M urea. The very large separation (>300 mV) between reduction

and oxidation peaks indicates a change in coordination of the Fe center. Apparently TOCL

interacts with cyt c and causes a change in the cyt c redox-potential. In summary, the

oxidized cyt c unfolds because of interactions with CL, regains its native conformation upon

its reduction (at low electrode potentials), and loses its stability again upon oxidation (at

high electrode potentials). Addition of pure DOPC liposomes did not result in changes of the

position of either reduction or oxidation peaks of cyt c, however the capacitive current

increased (Figure 1b).

Cyt c, noncovalently (i.e., electrostatically) adsorbed on the carboxy-SAMs, also showed a

disappearance of the reduction and oxidation peaks at +220 mV (Figure 1c, broken lines),

however no current was observed at negative potentials, likely because of desorption of the

non-covalently attached TOCL/cyt c complexes from the electrode surface. The DOPC

liposomes did not affect the redox peak positions of electrostatically attached cyt c (Figure

1d).

If the reduction wave is assumed to be reversible, the dependence of the peak position on the

voltage scan rate can be used to find a standard electrochemical rate constant k0 (this rate

constant corresponds to ΔG=0 (38, 39)). For native cyt c the best fit based on Marcus theory

of electron transfer gives a reorganization energy of 0.6 eV and a rate constant (k0) of 250

s−1 (Figure 2a), which is in good agreement with previous works (38, 40). Figure 2b shows a

plot of the reduction peak shift versus the logarithm of the voltage scan rate for TOCL/cyt c

complex. The solid curve shows the best fit to the classical Marcus theory for the electron-

transfer rate constant. For the denatured form of cyt c, the best fit reorganization energy was

1.0 eV, and the rate constant k0 was 270 s−1, consistent with a higher mobility (closer

approach to the electrode surface) and higher solvent accessibility of the heme of the

denatured protein. At the scan rate of 10 V/s, the reduction peak potential was observed at

−192 mV and the characteristic potential for the reduction wave (E0
r) was extrapolated to be

−168 mV at 0 V/s. Unless one can reach high overpotentials, this method is not very

sensitive to variations in the reorganization energy. The reduction currents associated with

the denatured form of cyt c increased linearly with the scan rate (Figure 2c). This suggests

that the current was limited by the electron transfer rate between the TOCL/cyt c complex

and the electrode and conformational transitions between denatured and native-like cyt c

conformations proceeded on a faster time scale than electrode potential changes (scan rates

10–70 V/s) that cause these transitions (> ~50 s−1). Based on the slope of the line, the

surface concentration of electroactive TOCL/cyt c complex was determined as 1.3 pmol/

cm2.

Redox Titration of Cyt c in the Presence of CL-Containing Liposomes

Although several research groups have studied the interaction of cyt c with different anionic

phospholipids in liposomes (11, 13–23), the redox properties of cyt c in the presence of CL-

containing liposomes have not been characterized. The redox behavior of cyt c under

equilibrium conditions was determined by titrating it with sodium dithionite (E0=−564 mV)

(41) under anaerobic conditions and in the presence of indicator dyes (mediators) so that it

could be followed optically. The cyt c in complex with CL-containing liposomes was

titrated in the presence of gallocyanine redox dye. The standard redox potential of

gallocyanine is +20 mV; thus at redox-potentials higher than ~+100 mV this dye is
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predominantly the oxidized form while at redox-potentials lower than −100 mV it is

predominantly the reduced form. Figure 3a shows the titration results for different molar

ratios of TOCL/cyt c, ranging from 25:1 to 200:1 at pH 7.0. For low concentrations of

TOCL (TOCL/cyt c 25:1, 50:1), addition of dithionite reduced cyt c stoichiometrically while

gallocyanine remained oxidized. After the addition of a certain amount of dithionite titrant,

however, the reduction of cyt c almost completely stopped and did not resume until all of the

gallocyanine was reduced. The titration results clearly showed the presence of two fractions

of cyt c complexes. One fraction was reduced before the gallocyanine was reduced, thus it

has a relatively high redox potential (>+100 mV), while the other fraction was reduced after

the gallocyanine was reduced so that it must have a more negative redox-potential (<−100

mV). Analysis of these titration curves shows that the fraction of cyt c with negative redox

potential constitutes only about 20% of cyt c molecules at 25:1 CL/cyt c ratio, but that this

fraction increases to more than 90% at 200:1 TOCL/cyt c ratio. Our previous studies

demonstrated that increasing TOCL/cyt c ratios was associated with increased CL binding

and denaturing of cyt c (11). Hence, it is likely that the easily reduced fraction of cyt c

corresponds to protein molecules in a native-like conformation, whereas the fraction of cyt c

with more negative redox potential corresponds to molecules partially denatured by the

interaction with CL-containing liposomes.

To further characterize the redox-properties of the cyt c that is denatured by CL, we

performed dithionite titration of cyt c bound to TOCL/DOPC liposomes (200:1 lipids/

protein ratio) in the presence of another redox mediator, indigo carmine. Figure 3b shows

that cyt c bound to TOCL was gradually reduced as the redox-potential changed from −20

mV to −220 mV (computed from the molar ratios of the reduced and oxidized indigo

carmine species). The dependence of log10([cytcox]/[cytcred]) vs redox potential (Nernst

Plot) is approximately linear over the range of the redox potentials probed, however the

slope of the linear fit multiplied by 59 mV is 0.5 (±0.07), which differs substantially from

the theoretical value of 1 that is expected from the Nernst equation for an one-electron

process. The unusually small value of the slope of the Nernst plot and a wide range (~200

mV) of redox potentials, over which the reduction of the membrane-bound cyt c occurs,

indicates the presence of two or more sub-fractions in the low redox-potential (denatured)

fraction of cyt c bound to TOCL/DOPC liposomes. These data are in line with other reports

that describe several sub-fractions of the denatured cyt c, which differ in heme ligation (18).

We observed no detectable bleaching of the Soret band and no oxidation of reduced cyt c in

the complex with CL for several hours of incubation of cyt c with TOCL/DOPC liposomes

indicating a very low content of peroxides in the lipid samples used.

Reduction of Cyt c/CL Complexes by Ascorbate

Ascorbate is a universal reductant in cells (42) and biofluids; the redox potential of

ascorbate is +58 mV (41), i.e. significantly lower than that of cyt c (+260 mV) (35, 43).

Accordingly, ascorbate readily reduces cyt c. If the redox potential of TOCL/cyt c

complexes is around −120 mV (50% reduction is redox titration experiments), it is unlikely

that ascorbate can reduce the CL/cyt c complex. The reduction of cyt c in complex with

TOCL by ascorbate was studied using two protocols: 1) we followed the oneelectron

reduction of ascorbate by the formation of its radical using EPR spectroscopy, and 2) we

monitored cyt c reduction directly by its optical spectra. The typical doublet signal of

ascorbate radical with a hyperfine splitting constant of 1.7 G was detected upon incubation

of ferri-cyt c with ascorbate (Figure 4a, 1). The time course of the ascorbate oxidation was

observed as a rapid decrease of the ascorbate radical signal (Figure 4a, 2; b, curve 3). In

contrast, TOCL/cyt c complexes (20:1 molar ratio) oxidized ascorbate much less effectively

(Figure 4b, curve 1). The slowing of the ascorbate oxidation rate by cyt c seems to be
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specific for TOCL, since the presence of DOPC liposomes did not inhibit the process

(Figure 4b, curve 2). In line with these results, ascorbate reduction of cyt c alone and cyt c

pre-incubated with PC was effective and rapid (Figure 4c, curves 2 and 3 accordingly),

whereas TOCL/cyt c complexes displayed very slow reduction by ascorbate (Figure 4c,

curve 1). The rate of reduction of cyt c in the presence of CL decreased sixty times as found

by the comparison of initial slopes of reduction curves in Figure 4c. The decrease in the

observed reduction rate due to the presence of CL corresponds to the change of the second

order rate constant for the reaction of ascorbate with cyt c from 2.1 × 105 M−1s−1 (43), to 2.0

× 103 M−1s−1. Thus the reduction of cyt c bound to CL is effectively blocked, in agreement

with the drastic negative shift of redox potential of the cyt c in the complex with CL.

We also monitored the reduction of cyt c in complex with CL by absorbance at 550 nm in

anaerobic conditions. We found a slight increase in the rate of cyt c reduction (about 2 times

at CL/cyt c ratio 20:1) as compared with our previous results in aerobic conditions, but it

still remained 50-times lower than in the absence of CL. EPR measurements also

demonstrated the similarity of time course of ascorbate radical formation in aerobic and

anaerobic conditions.

Interactions of CL/Cyt c Complexes with Superoxide

Because the redox potential of the O2/O2
− couple is about −130 mV (44), i.e. comparable

with that of TOCL/cyt c complexes (see above), it was important to test whether electron

transfer is possible between superoxide and TOCL/cyt c. A superoxide-generating system,

xanthine oxidase/xanthine, was used to assess the reduction of cyt c (34) and its complex

with TOCL (Figure 5a). The data in Figure 5b shows that TOCL inhibited the reduction of

cyt c by superoxide at TOCL/cyt c ratios >25:1, however less effectively than cyt c

reduction by ascorbate. The observed rate of cyt c reduction dropped five times in the

presence of CL (estimated by the comparison of initial slopes of reduction curves in Figure

5a). This decrease in reduction efficiency corresponds to a decrease of the bimolecular rate

constant for the reaction of the superoxide anion with cyt c from 2.1 × 105 M−1s−1 (45), to

4.2 × 104 M−1s−1. CL was less effective at inhibiting cyt c reduction by superoxide than the

reaction with ascorbate, consistent with the more negative potential of superoxide, compared

to that of ascorbate.

Effects of CL on the Reduction of Cyt c by Complex III

The first step in the interaction of ferri-cyt c with the electron transport chain is its reduction

by Complex III. Effects of CL on the reduction of cyt c by Complex III were characterized

using a purified enzyme by measuring the reduction of ferri-cyt c by decylubiquinol

(ubiquinol:ferri-cyt c oxidoreductase activity) (46) (Figure 6a). Complex III effectively

reduced oxidized cyt c (186±7 U/min/nmol, curve 1). In contrast, in the presence of CL, the

reaction was very slow (7.8±0.3 U/min/nmol, curve 2). Specificity of interactions of

cardiolipin bound cyt c with Complex III was confirmed by control experiments showing

that: 1) the reduction of cyt c by purified Complex III was completely inhibited in the

presence of its specific inhibitor, myxothiazol (29) (curve 5), 2) the reduction of cyt c by

decylubiquinol did not occur in the absence of Complex III (curve 4), and 3) DOPC

liposomes did not significantly affect the reduction of cyt c by Complex III in the absence of

cardiolipin (the rate of cyt c reduction was 130.6±5.2, curve 3).

The effect of CL on the electron transfer between Complex III and cyt c was further

assessed in the inner membrane of mitochondria, in the presence of either DOPC liposomes

or a mixture of TOCL/DOPC (1:1) liposomes. For rat liver mitochondria, the rate of cyt c

reduction by decylubiquinol decreased from 3.7±0.2 to 2.6±0.1 mU/min/mg protein in the

presence of TOCL. Similarly, TOCL decreased the rate of cyt c reduction in rat brain cortex
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mitochondria from 2.6±0.2 to 0.9±0.1 mU/min/mg protein in the presence of TOCL. When

the activity of cyt c reduction was determined in the presence of myxothiazol, the reaction

was 12-fold slower than in the absence of the inhibitor (data not shown). Further, the

Complex III-mediated reduction of cyt c by decylubiquinol was much less sensitive to

DOPC-containing liposomes (lacking TOCL).

Effect of CL on Complex IV activity

While the negative shift of cyt c’s redox potential upon binding CL precludes its reduction

by Complex III, the reduced cyt c should remain a good donor of electrons for Complex IV.

Indeed, purified Complex IV oxidized ferro-cyt c complexed with TOCL (Figure 6b, curve

2) as effectively as ferro-cyt c without CL (Figure 6b, curve 1). The cyt c oxidation rate was

6.6±0.1 and 10.5±0.14 U/min/nmol in the absence and presence of TOCL liposomes,

respectively. In line with this, exogenously added TOCL-containing liposomes had no effect

on the activity of Complex IV in mitochondria (assessed in the presence of lauryl maltoside,

0.1%).

Inhibition of Mitochondrial Electron Transport by CL

To further test the hypothesis that the cyt c in complex with CL cannot operate as an

effective electron shuttle in the mitochondrial respiratory chain, we studied the effects of

exogenously added TOCL on succinate-dependent electron transport through respiratory

complexes of mitochondria using two different approaches. In the first one, we examined

succinate-dependent reduction of a spin trap, MNP, to MNP-H• (47). We employed

mitochondria with their outer membrane mechanically removed by the nitrogen cavitation

protocol. After addition of succinate to mitochondria incubated in the presence of MNP, a

typical four-line EPR spectrum of the MNP-H• radical was observed (Figure 7a) – in line

with the known one-electron reduction of MNP by mitochondrial electron transport (47).

Expectedly, the magnitude of the signal (concentration of MNP-H•) increased over 10 min

(48, 49). Thus, succinate induced reduction of MNP occurred in the absence of endogenous

cyt c washed away from the inter-membrane space during the removal of the outer

membrane (Figure 7b). Addition of exogenous cyt c resulted in a significant decrease of the

signal intensity. Cyt c added along with TOCL/DOPC liposomes, was much less efficient in

quenching of the MNP-H• signal. Without TOCL, DOPC liposomes did not affect cyt c

dependent quenching of the succinate induced signal. These results demonstrate that the

electron acceptor function of cyt c in mitochondria was impaired by CL.

In a separate series of experiments, we further tested effects of TOCL on succinate-

dependent electron transport through respiratory complexes of liver and brain mouse

mitochondria. Electron-transport (succinate oxidase) activity in mitochondria was measured

before and after treatment with alamethicin, which is known to permeabilize mitochondrial

membranes and remove loosely (electrostatically) bound cyt c from mitochondria.

Alamethicin caused almost complete inhibition of succinate oxidase activity and a removal

of most (~85 %) cyt c from mitochondria, in line with previously published results (31, 50,

51). For both liver and brain mitochondria, the electron transport activity could be fully

restored by exogenously added cyt c. When TOCL/DOPC liposomes were added along with

cyt c, however, the reconstitution of succinate oxidase activity was incomplete and

dependent on the amount of TOCL such that at TOCL/cyt c ratio of 20:1, only 25 % of

succinate oxidase activity could be reconstituted. DOPC had essentially no effect on the

succinate oxidase activity. These results suggest that interaction of cyt c with CL inhibits cyt

c’s ability to effectively participate in electron transport.
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Cyclic Voltammetry of Peroxidase Reaction Catalyzed by Cyt c in the Presence of CL

The peroxidase activity of cyt c and its dependence on CL was studied by cyclic

voltammetry of cyt c electrostatically (Figure 8a) and covalently (Figure 8b, c) attached to

SAM covered gold electrodes. Addition of H2O2 resulted in a concentration-dependent

decrease of magnitudes of +220 mV oxidation and reduction peaks and appearance of

reduction and oxidation peaks at about −200 mV potential (Figure 8a). A probable

interpretation of these observations is that the chemical modification of cyt c, as a result of

the peroxidase reaction, reduces the protein stability so that it is more vulnerable to

denaturation by the anionic SAM. The position of the reduction wave for cyt c reacted with

H2O2 was similar to the reduction wave of cyt c modified by the interaction with TOCL,

however, the oxidation peak of cyt c reacted with H2O2 was observed at a potential of

approximately −200 mV while TOCL/cyt c complexes were oxidized around +100 mV.

Apparently, the reduction of chemically intact cyt c denatured by CL is accompanied by a

conversion of cyt c into a native-like conformation, with respect to the heme pocket. In

contrast, cyt c molecules chemically damaged by H2O2 are not refolded by heme reduction.

At higher H2O2 concentrations, a complete disappearance of the native cyt c redox waves

was observed along with the appearance of H2O2 concentration-dependent reduction waves

at the negative potentials (Figure 8b). Apparently, reactive compounds I and II of cyt c,

formed as a result of the peroxidase reaction, were quickly reduced, by neighboring reduced

cyt c molecules. Consequently, the concentration of the oxidized (and denatured) forms of

cyt c increased resulting in greater amplitude of the reduction wave at the negative electric

potentials. The peroxidase activity of cyt c in the presence of TOCL was higher than in its

absence (compare the current in the negative potential region to the peak current of the

reversible cyt c wave in Figures 8c and 8b).

As the reduction current kept increasing while the electrode potential decreased, we were

not able to find a “peak” or flattening of the reduction wave. However, we detected a

flattening of the H2O2 sensitive reduction wave in analogous experiments with the MP-11

cyt c fragment (data not shown). Experiments showed that the reduction “wave” was not

sensitive to the presence of oxygen. In the absence of cyt c, H2O2 alone did not produce a

discernable electrochemical response in the potential range investigated.

Discussion

CL as a Switch of Cyt c Peroxidase Activity

Our previous work has identified CL/cyt c complexes as important components of

mitochondrial machinery that are triggered by pro-apoptotic stimuli and initiate the release

of pro-apoptotic factors, including cyt c (8). This engages subsequent segments of the cell

death program such as caspase cascades. The essential redox function of CL/cyt c

complexes is realized through their specific peroxidase activity directed towards oxidation

of polyunsaturated molecular species of CL and accumulation of CL oxidation products,

which act as pro-apoptotic signals in mitochondria (8). The molecular switch that turns off

the electron shuttling function of cyt c and turns on its peroxidase activity was not

specifically identified, however. It is tempting to speculate that the same CL that binds cyt c

and causes its partial unfolding acts as a switch playing this important role.

This work demonstrates that the redox potential of cyt c shift negatively by about 350–400

mV upon its interaction with CL-containing phospholipid membranes. Redox titration

experiments showed the simultaneous presence of two fractions of cyt c in the complex with

CL: one - readily reducible - with a native-like redox-potential, and the second fraction –

more resistant to reduction - with a more negative redox potential. The population of the

Basova et al. Page 10

Biochemistry. Author manuscript; available in PMC 2012 May 20.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



protein fraction resistant to reduction grew with the increase in lipid/protein ratio and

apparently corresponded to cyt c molecules unfolded by interactions with CL membranes,

previously identified by tryptophan fluorescence measurements in similar conditions (11).

The redox titration also showed that the reduction-resistant fraction of cyt c bound to CL

(denatured cyt c molecules) was heterogeneous and consisted of two or more sub-fractions,

reducible over a wide range of redox potentials between −50 and −200 mV. This finding is

consistent with an analysis by Hildebrandt et al. (18) who showed that fractions of cyt c

denatured on Ag electrodes with different ligation (in Hildebrandt’s classification penta-

coordinate B2/5cHS and hexa-coordinate B2/6cLS) have different redox-potentials (in the

range of −93 mV and −143 mV, respectively).

Our control experiments that included monitoring of cyt c Soret band bleaching, EPR

detection of the spin-state of heme as well as protein-immobilized radical species (reactive

intermediates) confirmed that no detectable peroxidase activity was displayed by the cyt c/

CL complexes in the absence of exogenous peroxides. Therefore, the observed changes of

the redox properties of cyt c in its complexes with CL are not associated with chemical

damage of cyt c.

We established that CL prevents reduction of cyt c by Complex III, ascorbate, and

superoxide and blocks its participation in mitochondrial electron transport. Experiments with

purified Complexes III and IV strongly support our conclusion that negative shift of the cyt

c redox potential induced by CL rather than its physical separation from the mitochondrial

complexes is the major mechanism to turn off the electron transporting function of cyt c in

mitochondrial respiratory chain. The inhibitory effects of CL were concentration-dependent,

in agreement with our finding of two fractions of CL/cyt c with drastically different redox-

properties. Our assessments of ubiquinol:ferri-cyt c oxidoreductase showed that CL can

compete with Complex III for cyt c. Therefore, operation of the electron transport chain in

mitochondria appears to depend on the availability of CL (2). Normally, over 95% of CL is

confined to the inner mitochondrial membrane (8). During apoptosis, CL migrates from the

inner leaflet to the outer leaflet of the inner membrane and further to the outer mitochondrial

membrane, setting the stage for its facilitated interaction with cyt c. Apoptosis-associated re-

distribution of CL between the inner and outer mitochondrial membranes (52) makes CL

available for binding with cyt c, thus causing a negative shift of its redox potential and

converting it into a peroxidase (8). Recent data shows that CL plays a very important role in

structural organization of the electron transport chain into integrated respiratory super-

complexes by “gluing together” individual respiratory complexes (53, 54). A part of the

inter-membrane cyt c pool is embedded into respiratory chain super-complexes (55). Our

results suggest that CL-bound cyt c is not a component of respiratory super-complexes.

Moreover, it is possible that excess CL and its interaction with cyt c – as it happens during

apoptosis - prevents the correct assembly of respiratory complexes. Mechanisms and

specific participants driving redistribution of CL in apoptosis are still poorly characterized

although mitochondrial trans-location and activity of tBid, a truncated form of a cytosolic

protein Bid, seem to be associated with the apoptotic trans-membrane migration of CL (56–

58).

The reduction of cyt c in mitochondria may be accomplished not only directly via Complex

III, but also by superoxide anion radicals generated as a result of univalent reduction of

molecular oxygen by mitochondrial protein complexes (3, 4). We demonstrated that

superoxide cannot effectively reduce CL/cyt c complexes. Thus CL/cyt c complexes are

neither directly reduced by Complex III nor indirectly by O2
−. This suggests that cyt c/CL

complexes are excluded from electron-transport in mitochondria and are likely present in

their oxidized form, increasing the probability of the formation of peroxidase compounds I

Basova et al. Page 11

Biochemistry. Author manuscript; available in PMC 2012 May 20.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



and II in the presence of oxidizing equivalents such as H2O2 or organic and lipid

hydroperoxides.

The redox environment of mitochondria is significantly affected by the presence and

reactions of ascorbate as a potent reductant localized in mitochondria (59). However,

ascorbate-driven reduction of cyt c to its ferrous form would be inhibitory to the peroxidase

reactions of cyt c realized within CL/cyt c complexes (see below). Our demonstration that

CL/cyt c complexes are not readily reducible by ascorbate further support our hypothesis

that association with CL acts as a switch turning off normal electron donor-acceptor

functions of cyt c and facilitating its peroxidase function.

Overall, interactions of cyt c with CL during apoptosis represent an essential part of a well

coordinated mechanism of programmed cell death (see Scheme 1). A marked negative shift

of the cyt c redox potential by CL favors the accumulation of ferri-cyt c which is essential

for effective peroxidase catalysis. Moreover, the negative redox potential of cyt c/CL

complexes excludes them from the electron transport chain, causing the disruption of

electron flow and facilitating generation of superoxide radicals. Dismutation of the latter

yields H2O2 that feeds the peroxidase function of cyt c/CL complexes.

The Redox State of cyt c/ CL Complexes and Their Peroxidase Function

Inhibition of cyt c reduction is important for its peroxidase function, particularly during

apoptosis, for several reasons. Peroxidase reactions utilize oxidizing equivalents of H2O2

and/or organic (lipid) hydroperoxides to generate potent oxidizing oxo-ferryl intermediates

from ferri-cyt c (Fe(III)), in which a highly oxidized state of Fe(IV) is active in producing

catalytically competent protein-derived (often tyrosyl) radicals (60, 61). The negative shift

of the cyt c redox potential associated with CL-induced protein structural changes implies

that the reduced cyt c is much more resistant to denaturation by anionic lipids than the

oxidized cyt c in line with previous reports (16, 62). Indeed, consideration of a

thermodynamic cycle, depicted in Scheme 2, for cyt c bound to CL membranes

electrostatically (the native tertiary structure) or hydrophopically (partially denatured

protein) in the two redox states shows that the free energy of the conversion of cyt c into a

denatured form is much more positive in the reduced state than in the oxidized state:

(1)

In Scheme 2, G1 is the free energy of oxidized cyt c in the native conformation, G2 is the

free energy of the reduced cyt c in the native conformation, G3 is the free energy of the

oxidized cyt c denatured by the lipid and G4 is the free energy of the reduced cyt c denatured

by the lipid. Thermodynamic cycle (Scheme 2) and equation (1) show direct thermodynamic

connection between the difference of free energies of unfolding of cyt c in the reduced and

oxidized states  and the difference of redox

potentials of cyt c in the native and denatured conformational states

 . The predicted difference of stabilities of

cyt c in the reduced and oxidized states (~9 kcal/mol ≈ 15 kT) is very large suggesting that

the reduced cyt c interacting with anionic lipid will be almost entirely in the native-like

conformational state.

The denaturing of cyt c upon its oxidation and subsequent refolding to a native-like tertiary

structure upon reduction - observed in our voltammetry experiments - results in a very large

separation of oxidation and reduction peaks for cyt c interacting with CL. The peroxidase

activity of cyt c is associated with a destabilization of the protein tertiary structure. Thus, the

reduced cyt c is much less likely to convert into a peroxidase than the oxidized cyt c. Factors
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affecting the redox state of cyt c should influence its peroxidase activity and may change the

development of apoptosis. For example, increased production of NO•, known to block

Complex IV function and increase the concentration of reduced cyt c (59, 63) will likely

inhibit the peroxidase function of CL/cyt c complexes. Along with direct interactions of NO•

with reactive intermediates of CL/cyt c during peroxidase catalysis (61) this may represent

an important antioxidant and anti-apoptotic mechanism. Moreover, a reducing redox-

environment for mitochondria (e.g., during hypoxic or ischemic conditions) is also counter-

productive for the peroxidase function whereas reoxygenation and re-oxidation of cyt c is

likely to favor its conversion into a catalytically active peroxidase. Not surprisingly,

reoxygenation, rather than hypoxia/ischemia are associated with increased apoptotic damage

(64).

Finally, while CL binds cyt c with a very high affinity, it is not unique as a modifier of cyt

c’s redox behavior. Other anionic phospholipids, particularly PS, can also confer peroxidase

activity on the protein although less effectively than CL (13). Studies in this and other

laboratories characterized unfolding of the protein upon its binding with CL. Further studies

are necessary to detail specific mechanisms through which these conformational

rearrangements, particularly in the heme-binding site, translate into changes of cyt c redox

potential and electrochemistry.
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Figure 1.

Cyclic voltammograms for cyt c covalently (a, b) and electrostatically (c, d) attached to

carboxylic acid-terminated SAM covered gold electrodes in the presence of liposomes: 4

mM TOCL/DOPC 1:1 (a, c) and 4 mM DOPC alone (b, d). a) Changes of the

voltammograms of cyt c in the presence of TOCL-liposomes were measured every 15 min

during 60 min; b) cyt c in the presence of DOPC after incubation during 60 min; c) cyt c

after incubation in TOCL liposomes during 5 and 15 min; d) cyt c in the presence DOPC

after incubation during 45 min. The voltammograms of cyt c without liposomes (solid line)

are shown for comparison on each figure. Measurements were performed in 10 mM

phosphate buffer at pH 7.0 and a scan rate of 20 V/s.

Basova et al. Page 18

Biochemistry. Author manuscript; available in PMC 2012 May 20.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



Figure 2.

Scan rate dependence for cyt c in the absence (a) and in the presence of TOCL (b).

Dependence of the reduction current upon the scan rate for cyt c/TOCL complex is shown as

well (c). Fits of the data to Marcus theory predictions are also shown for two different

reorganization energies. See text for details.
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Figure 3.

Redox titration of cyt c in the presence of TOCL by dithionite. a) Concentration dependence

of reduced form of cyt c in the presence of TOCL and dithionite obtained by titration in the

presence of gallocyanine (8 µM). The molar ratios of TOCL/cyt c were 25:1 (curve 1), 50:1

(curve 2), 100:1 (curve 3), 200:1 (curve 4); b) the Nernst plot obtained from spectro-

electrochemical titration of cyt c (5 µM) in complex with TOCL at the molar ratio of 1:200

versus the potential range of indigo carmine (10 µM). Cyt c was incubated with liposomes

for 15 min, and then a redox mediator was added. After this, titration by dithionite was

started. 2 µL of stock solution of fresh dithionite (0.8 µM) was added 20 times, after each

addition the absorbance spectra from 700 to 250 nm were measured. Each point represents

addition of dithionite. Gallocyanine and indigo carmine were used as indicators of redox

potential.
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Figure 4.

Effect of TOCL on cyt c reduction by ascorbate. a) EPR spectrum (1) and time course (2) of

ascorbate radicals formed in the incubation medium containing cyt c and ascorbate (25 µM

cyt c, 500 µM ascorbate, 20 mM phosphate and 100 µM DTPA, pH 7.4); b) time course of

ascorbate radical generation in the absence (curves 3) or presence (curve 1, 2) of liposomes.

Cyt c (25 µM) was incubated with DOPC or TOCL/DOPC liposomes (1 mM) for 5 min at

21°C then ascorbate (500 µM) was added and recording of EPR ascorbate radical signal was

started in 30 sec. Results are normalized to the initial ascorbate radical signal intensity taken

as 100%. c) time course of cyt c reduction by ascorbate in the presence and absence of

TOCL/DOPC (1:1) and DOPC liposomes monitored by absorbance at 550 nm. Cyt c (5 µM,
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buffer 20 mM HEPES and 100 µM DTPA) was pre-incubate with TOCL/DOPC 1:1 (100

µM) for 15 min at room temperature then ascorbate (100 µM) was added and absorbance

was measured during 10 min (curve 1). Cyt c at the same concentration in the presence of

ascorbate (curve 3) and DOPC (400 µM) liposomes (curve 2) are shown for comparison.

Arrow indicates the time point when ascorbate was added.
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Figure 5.

Cyt c reduction by superoxide radicals generated in xanthine/xanthine oxidase system. a)

Time course of cyt c reduction by superoxide in the presence of TOCL/DOPC (curves 1,2)

and DOPC (curve 3) liposomes and its absence (curve 4) monitored at 550 nm. Cyt c in the

presence of DOPC (curve 3) and cyt c (curve 4) alone are shown for comparison. Arrow

indicates the moment when xanthine oxidase was added; b) dependence of cyt c reduction

by superoxide on lipids/cyt c ratio: TOCL/DOPC:cyt c 25:1 and 50:1 (curve 1,2

respectively), DOPC/cyt c 100:1 (curve 3) and cyt c alone (curve 4). Samples of cyt c (5

µM) were preincubated with TOCL/DOPC 1:1 liposomes at different concentrations for 15

min at room temperature in 20 mM Hepes buffer (plus 100 µM DTPA, pH 7.4). After the

preincubation 25 µM xanthine (5 mM stock solution) was added and absorbance spectrum

was recorded (the reference cuvette contained the same amount of liposomes). To start O2
−•

production xanthine oxidase was added (0.002 unit/ml). The time course of cyt c reduction

was recorded every 10 sec measuring the absorption at 550 nm. After 5 min the total

absorbance spectrum was recorded again. Differences between two spectra (ΔA550) were

calculated after alignment in 530–570 nm region.
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Figure 6.

Effect of CL on the activities of purified Complex III and IV. a) Reduction of cyt c by

Complex III in the absence (curve 1) and in the presence of TOCL/DOPC (curve 2) or

DOPC liposomes (curve 3). Cyt c (25 µM) was pre-incubated for 15 min with liposomes

(5mM); then Complex III was added (10 nM). The incubation system was composed of 20

mM HEPES with 100 µM DTPA, lauryl maltoside (0.1 %), decylubiquinol (100 µM), pH

7.4. Control experiments showing the reduction of cyt c in the presence of: a) lauryl

maltoside (0.1 %) and decylubiquinol (100 µM) (curve 4); lauryl maltoside (0.1 %),

decylubiquinol (100 µM) and myxothiazol (2.5 µM) (curve 5). Arrow indicates the addition

Complex III. b) Oxidation of cyt c in the absence (curve 1) and in the presence (curve 2) of

TOCL/DOPC liposomes by isolated Complex IV. Concentration of cyt c was 10 µM (alone)

and 50 µM (in complex with TOCL); concentration of Complex IV was 50 nM. Buffer

contained 20 mM HEPES (pH 7.4) with 100 µM DTPA, lauryl maltoside (0.1 %).

Liposomes were pre-incubated with cyt c for 5 min. Arrow indicates the addition Complex

IV.
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Figure 7.

Effect of cyt c on EPR signal of MNP reduced to MNP-H• in rat liver mitochondrial

suspension. Mitochondrial suspension (4 mg protein/ml) in buffer (230 mM mannitol, 70

mM sucrose, 20 mM Tris/HCl, 2.5 mM phosphate, 0.5 mM EGTA, pH 7.4) was

supplemented with 20 mM MNP and succinate (7.5 mM). Spectra of reduced MNP (MNP-

H•) were recorded 10 min after succinate addition. a) EPR spectrum of MNP-H•: (1) - an

experimental spectrum, (2) – computer simulation using hyperfine coupling constants

aN=aHβ=14.4G. b) Magnitude of EPR signal of MNP-H•. Control: magnitude of MNP-H•

signal after addition of succinate to mitochondrial suspension. Cyt c (20 µM) with or without

liposomes (400 µM total lipid) was added to mitochondria before addition of succinate. The

results are representative of five independent experiments. Data are presented as mean ±S.E.

(n=3) (*, p<0.01 vs control; **, p<0.05 vs cyt c).
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Figure 8.

Cyclic voltammograms of cyt c electrostatically attached to carboxylic acid - terminated in

the absence (dashed line) and the presence of 30 µM H2O2 after 3 (solid line) and 15 (dotted

line) min incubation with H2O2. (a) Cyclic voltammograms of cyt c covalently attached to

SAM at different concentrations of H2O2 in the absence (b) and presence of TOCL/DOPC

liposomes (c). Cyt c was incubated with liposomes during 60 min and then H2O2 was added.

The voltammograms were recorded after pre-incubation with H2O2 during 15 min under N2.

The voltammograms of cyt c without liposomes at pH 7.0 are shown for comparison on both

figures (solid line). Scan rate 20 V/s.
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Scheme 1.

Interactions of cyt c with CL resulting in a drastic negative shift of the cyt c redox potential:

a possible mechanism of disruption of mitochondrial electron transport and increased

production of ROS.
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Scheme 2.

Thermodynamic cycle of reduction and unfolding of cyt c in the presence of CL.
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