
The problem of programmed cell death, apoptosis,

attracts great attention of biologists and physicians. An

important role in the development of apoptosis belongs to

cytochrome c [1, 2]. In an early stage of apoptosis, pro�

teins of the intermembrane space of mitochondria,

including cytochrome c, are released into the surrounding

cytoplasm and trigger a cascade of reactions followed by

apoptosis [3, 4]. Cytochrome c release from mitochondria

is usually preceded by mitochondrial stress, mostly due to

increased generation of free radicals. It begins with the

reception of apoptotic signal from outside or from inner

causes and ends with lipid peroxidation, matrix swelling,

formation of megapores in the outer mitochondrial mem�

brane, cytochrome c release from mitochondria, and trig�

gering of apoptosis [5�7]. Lipid peroxidation is mainly

catalyzed by cytochrome c molecules bound with cardi�

olipin, which is part of the inner mitochondrial mem�

brane [1].

A number of works with our participation [8�10]

were dedicated to the study of the Cyt�CL peroxidase

function. The investigations resulted in partial decipher�

ing of the schemes of Cyt�CL�catalyzed peroxidase reac�

tions, though the structure of the complex remained

unrevealed.

The first data on the structure of complexes of lipids

with proteins, including cytochrome c, were obtained in

model systems with the methods of optical and electron

microscopy and X�ray diffraction [11�13]. In the systems

formed when dry phospholipid films were dispersed in a

small amount of water, layered structures formed that were

thought to be made up of two phospholipid monolayers

and a bilayer of cytochrome c molecules between them

[11]. Under ultrasonic treatment, those structures trans�

formed to lipid vesicles. However, cardiolipin was not used

in that work; thus, it did not give much information for

understanding Cyt�CL structure. An important contribu�

tion to the study of the membrane�bound Cyt�CL was

made in experiments with Cyt�CL monolayers [14] and

liposomes prepared from cardiolipin and phosphatidyl�

choline to which cytochrome c was added [15, 16]. Brown

and Wuthrich suggested a scheme according to which

cytochrome was bound to the surface of the membrane

lipid layer mainly with electrostatic forces and collected

around itself other cardiolipin molecules remaining on the

membrane surface in the form of clusters. At the same

time, data were obtained suggesting that when cytochrome

c bound with membranes containing anionic lipids includ�

ing cardiolipin, changes in conformation of the polypep�

tide chain took place. This was shown by measurements of

absorption in the region of 695 nm [9, 17�19], circular

dichroism in the region of the Soret band (400�450 nm)

[20�22], cytochrome c fluorescence spectra [9, 23], and
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IR spectra in the absorption region of the >NH··· bond

(Amide I and Amide II) [24]. The data suggest that, when

forming a complex with cardiolipin, the whole

cytochrome c molecule partially unfolds or melts [2]. It is

the change of conformation that is considered the princi�

pal cause for the fact that cytochrome c acquires enzymat�

ic activity that causes lipid peroxidation in the inner mito�

chondrial membrane followed by apoptosis. The explana�

tion of these conformational changes usually invokes the

assumption that one of the cardiolipin fatty acid chains

penetrates into the cytochrome c molecule and thus

changes the conformation of the protein (see reviews [2,

25�29]). However, recent works with new objects (giant

liposomes [30] and water�insoluble Cyt�CL complexes

[31]) and application of new methods (confocal fluores�

cent microscopy [30], fluorescent spectroscopy [9, 23],

and X�ray structural analysis [31]) caused revision of the

existing view [10]. It was shown that, in the presence of

cardiolipin and other anionic lipids, cytochrome c not

only attaches to the surface of the membrane lipid layer,

but is able “to wind” the layer around itself, thus forming

spherical Cyt�CL nanostructures (nanospheres) [10, 31].

The characteristics of nanospheres were determined

from the data of X�ray low�angle scattering of

cytochrome c–tetraoleoylcardiolipin (TOCL) pellet that

settled from a concentrated water solution when a small

volume (<10%) of methanol solution of cardiolipin was

mixed with excess water solution of cytochrome c. The

analysis of periodic peaks on the X�ray scattering curve

indicated that the pellet was composed of regularly

packed nanospheres 11.2 nm in diameter with a “melted”

cytochrome c molecule of 5.6 nm in the center, whereas

the surface was made up of a cardiolipin monolayer (Cyt�

CL complex). The cardiolipin/protein stoichiometry in

the Cyt�CL complex was determined by titration of

cytochrome c/cardiolipin solutions with subsequent

removal of the sedimented complex after each lipid addi�

tion and determination of cytochrome c in the super�

natant. Cyt�CL nanospheres poorly dissolve in water, but

they must dissolve in nonpolar solvents. But, to our

knowledge, no attempts were made to prepare a solution

of Cyt�CL nanospheres knowingly possessing hydropho�

bic surfaces in hydrophobic solvents, probably because

the very existence of Cyt�CL complexes became known

not long ago [31]. It should be noted that Das et al.

obtained cytochrome c–phosphatidylethanolamine com�

plexes with molar lipid/protein ratio of 24 : 1 dissolved in

isooctane, but they were not successful in obtaining simi�

lar Cyt�CL complexes [32]. In this work, Cyt�TOCL

complex in chloroform and n�hexane was obtained, and

the lipid/protein ratio in solutions was determined. The

results confirm the suggested structure of the Cyt�CL

complex (nanospheres Cyt�CL) and promote further

clarification of the structure and mechanism of function�

ing of this complex in mitochondrial membranes at early

stages of apoptosis.

MATERIALS AND METHODS

Reagents and equipment. Horse�heart cytochrome c

was obtained from Sigma (USA). 1,1′,2,2′�Tetraoleoyl�

cardiolipin (TOCL) was from Avanti Polar Lipids (USA).

KH2PO4 and KOH used for the preparation of a 20 mM

phosphate buffer solution, pH 7.4, chloroform, n�hexa�

ne, and methanol (all of analytical grade) were from

Sigma. To prepare a buffer solution used as a cytochrome

c solvent, bidistilled deionized water was used (obtained

with a Milli�Q water purification unit; Millipore,

France).

Preparation of Cyt�CL solutions in hydrophobic sol�
vent. The sequence of operations was as follows. At the

first stage, a cytochrome c solution was prepared, to

which a methanol solution of cardiolipin was quickly

added. The mixture was stirred – it looked like a solution

of red color due to containing cytochrome. In different

experiments, we added different methanol percentage to

the sample (see legends to Figs. 1 and 2). At the second

stage, pure chloroform or a chloroform–methanol mix�

ture (2 : 1) was added to an equal volume of the above

mixture. The mixture was thoroughly stirred and left for a

time (or centrifuged) until the mixture separated into two

phases. The appearance of scarlet coloration in the lower

solution meant that the Cyt�CL complex transferred to

the chloroform phase. Cytochrome c transfer to chloro�

form was never observed in the absence of cardiolipin in

the mixture. The lower solution (it is generally sufficient

to take 80% of the lower phase volume) was gently taken

from the tube using a syringe with a long needle and put

either to a cuvette for measurement of the absorption

spectra and determination of the amount of cytochrome c

transferred to chloroform or to a vessel of an ALSI�FT

R213B rotary evaporator (Farmtekh, Russia). After all the

solvent was removed with the rotary evaporator, a dark red

film containing Cyt�CL complex remained at the bottom

of the vessel. The film can be dissolved in a hydrophobic

organic solvent, for example, hexane. The solution was

pink or red and transparent.

Measurement of cytochrome c and Cyt�CL concen�
trations. Cytochrome c concentration in water and

water–methanol solutions was measured spectrophoto�

metrically (a Specord 200 spectrophotometer with 1�cm

pathlength glass cuvettes; Analytic Jena, Germany)

using calibration curves for standard solutions of the

protein in the same solvents. Cyt�CL concentration was

measured proceeding from the assumption that the

absorption at the maximum at 407 nm is similar in

cytochrome c in water solution and in cytochrome c as

part of the complex dissolved in chloroform. This

assumption is corroborated by the similar shape of the

cytochrome c spectrum in water and water–methanol

solutions and in chloroform fraction at all wavelengths

except the region of the absorption maximum at 695�

700 nm.
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RESULTS AND DISCUSSION

All our attempts to transfer the Cyt�CL complex pre�

pared in water solution to low�polarity organic solvents,

such as heptane or chloroform, were unsuccessful.

Apparently, the hydrophobic interactions between nano�

spheres (or nanotubes) forming a crystal�like structure

and having an expressed hydrophobic surface are so great

that it is difficult to remove completely the water remain�

ing in the sediment that the solvent is not able to detach

the nanoparticles in the sediment from each other. In

order that it can occur, a more polar solvent, such as

methanol, should be added to the solvent. Figure 1 illus�

trates this situation: it shows the absorption spectra of

hexane solutions of Cyt�TOCL obtained at different

methanol concentrations in the mixture prior to the addi�

tion of chloroform.

These data show that the Cyt�CL complex transfers

to chloroform and then to hexane significantly more

actively at a higher content of methanol in a

water–methanol mixture (Fig. 1, curve 1) than at a low

methanol content (Fig. 1, curve 2). When the Cyt�CL

mixture was dissolved in a solvent at water/methanol ratio

of 10 : 1, the amount of the complex transferred to hexa�

ne was 0.6 nmol, while at the ratio of 10 : 11 it was

3.2 nmol (16% of 20 nmol cytochrome c in the initial

mixture).

Our experiments showed that the transfer of the Cyt�

CL complex from the water–methanol phase to chloro�

form did not depend on whether we added the major

amount of methanol prior to the addition of chloroform

or in the mixture with chloroform. In the latter case, the

Cyt�CL transfer from water–buffer solution to chloro�

form strongly resembles the method of lipid extraction by

Folch when 20�fold excess of a chloroform–methanol

mixture (2 : 1) is added to tissue [33]. In our experiments,

the chloroform–methanol–water ratio was 100 : 54 : 45.

According to Folch, at a ratio of 100 : 50 : 37 (which is

similar to ours), the upper phase consisted mainly of a

water–methanol mixture (the ratio of chloroform–

methanol–water was 8 : 48 : 47), and the lower phase

consisted of a chloroform–methanol–water mixture (86 :

14 : 1). Most lipids in such a system pass into chloroform,

but in the Cyt�CL�containing system, another species

pass into chloroform, namely, hydrocarbon�covered

“balls” with cytochrome c inside them.

What is the role of methanol in the Cyt�CL transi�

tion in the hydrophobic phase? Cytochrome c is known to

change reversibly its conformation (partial unfolding) on

introduction of methanol into solution [34]. This results,

in particular, in the disappearance of the absorption band

at 695 nm (Fig. 2) due to the rupture of the coordination

bond between heme iron and the sulfur atom of Met80.

When the Cyt�CL complex is formed, the absorption

band in this region also disappears [8, 9], with partial

unfolding of cytochrome c confirmed by the appearance

of fluorescence of tyrosine and tryptophan amino acid

residues [23] and increase of the volume of the protein

nuclei of the Cyt�CL nanospheres [31]. It is not yet clear

whether the role of methanol in the transition of Cyt�CL

to the hydrophobic phase is the consequence of its action

on the protein, or that methanol, both in water and chlo�

roform phases, modifies the properties of the lipid shell.

Anyway, the addition of methanol is necessary for the

transfer of the Cyt�CL complex to the hydrophobic

phase.

Fig. 1. Absorption spectra of hexane solutions of Cyt�TOCL: 1)

extraction with chloroform from cytochrome c solution in a

water–methanol mixture of 10 : 11 v/v; 2) the same, but in a

water–methanol mixture of 10 : 1 v/v. The initial amount of

cytochrome was 20 nmol, of which 3.2 nmol (1) and 0.6 nmol (2)

were transferred to hexane as determined by spectrophotometry.
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Fig. 2. Changes in cytochrome c conformation under the action of

methanol. Methanol concentration (%, v/v) in a water solution of

cytochrome c: 1) 0; 2) 10; 3) 20; 4) 30; 5) 40. Disappearance of the

absorption maximum at 695 nm indicates the rupture of the

>Fe3+···S(Met80) coordination bond as the result of partial

unfolding of the protein molecule.
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As mentioned above, in the absence of cardiolipin,

cytochrome c does not pass to chloroform either in the

absence or in the presence of 50% methanol. Figure 3

shows that at cardiolipin/cytochrome ratio of 10 : 1 and

15 : 1 in the initial mixture, cytochrome passes into chlo�

roform only in small amounts (1 to 4% of the cytochrome

in the system), while at a lipid/protein ratio of 20 : 1 and

30 : 1, the fraction of the hemoprotein transferred to the

chloroform increases significantly – to 24 and 37%,

respectively (data of spectrophotometry).

The fact that a smaller fraction of the cytochrome

dissolved in the water–methanol phase was distributed to

chloroform in all our experiments is due to the presence

of its excess as compared to cardiolipin, i.e. at a pro�

tein/lipid ratio greater than the final cytochrome

c/TOCL ratio in chloroform. Under such conditions,

Cyt�CL complex precipitated from water solution had the

same composition regardless of the amount of cardiolipin

added to the cytochrome solution [31].

Taking into account that on addition of Folch

reagent all phospholipids pass from the initial water solu�

tion to the chloroform–methanol phase, it is evident that

if we divide the amount of the added cardiolipin by the

amount of cytochrome distributed to chloroform, we

obtain a molar lipid/protein ratio in Cyt�CL complex in

the hydrophobic phase. On the addition of a sufficient

cardiolipin amount (a TOCL/Cyt ratio in the

water–methanol medium of 20 : 1 and more), this ratio

was found to be 77 ± 11, which was equal or slightly above

the values we obtained for Cyt�CL complexes in the pre�

cipitate from water�buffer solutions [35]. Therefore, the

Cyt�CL complex can be extracted by Folch solution and

then transferred from chloroform to hexane.

The data corroborate the earlier suggestion of the

possible existence of inverted micelles in biological mem�

branes, which are formed by cytochrome c surrounded

with cardiolipin molecules [36]. The structure of Cyt�CL

nanospheres was already studied earlier [31]. Inclusion of

cytochrome c in the shell of cardiolipin molecules enables

the Cyt�CL complex to penetrate inside the lipid bilayer

[10] and catalyze lipid peroxidation [1, 9], as well as pass

though the membrane lipid bilayer [37]. Formation of

Cyt�CL complex most likely plays a key role in triggering

of apoptosis, though the structure of the complex and the

mechanism of its participation in lipid peroxidation in

mitochondrial membranes are not yet completely under�

stood. Obtaining of Cyt�CL complex in the form of solu�

tion in nonpolar medium provides new possibilities for

such investigations.
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