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Abstract. Factors5 influencing the release and an-
chorage of cytochrome c to the inner membrane of
brain mitochondria have been investigated. Meta-
bolic activity of mitochondria caused a decrease in
the membrane potential Dwm, accompanied by de-
tachment of the protein from the inner membrane.
In a model system of cytochrome c reconstituted in
cardiolipin (CL) liposomes, phosphate was used to
breach the hydrophilic lipid-protein interactions.
About 44% cytochrome c was removable when heart
CL (80% 18:2n-6) was employed, whereas the re-
maining protein accounted for the tightly bound
conformation characterized by hydrophobic lipid-
protein interactions. Cytochrome c release from
brain CL liposomes was higher compared to heart
CL, consistent with lower polyunsaturated fatty acid
content. The release was even higher with CL ex-
tracted from metabolically stressed mitochondria,
exhibiting more saturated fatty acid profile com-
pared to control (30% vs.17%). Therefore, weaken-
ing of the hydrophobic interactions due to
saturation of CL may account for the observed
cytochrome c release from mitochondria following
metabolic stress. Moreover, mitochondria enriched
with polyunsaturated CL exhibited higher Dwm,
compared to less unsaturated species, suggesting that
CL fatty acid composition influences Dwm. Mito-
chondria incorporated exogenous cytochrome c
without protease-sensitive factors or Dwm. The in-
ternalized protein anchored to the inner membrane
without producing swelling, as monitored by for-
ward and side light scattering, but produced Dwm

consumption, suggesting recovery of respiratory ac-
tivity. The Dwm decrease is ascribed to a selected
mitochondrial population containing the incorpo-
rated cytochrome c.
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Introduction

Inherited or acquired mitochondrial defects are the
cause of neuronal degeneration as a consequence of
energy defects and oxidative damage (Manfredi &
Beal, 2000). There is much evidence showing both
metabolic and oxidative damage in Alzheimer’s dis-
ease. Studies on cybrid cell lines show reduced cyto-
chrome c oxidase (Beal, 2000). Brain mitochondria
become vulnerable to H2O2-induced oxidative stress
when complex I of the respiratory chain is inhibited,
resulting in a gradual loss of membrane potential
(Dwm). As the combined presence of complex I defi-
ciency and H2O2-induced oxidative stress is charac-
teristic of dopaminergic neurons in Parkinson’s
disease, the loss of Dwm could be a crucial factor in
bioenergetic incompetence (Chinopoulos & Adam-
Vizi, 2001). Recent human post-mortem studies sug-
gest that dopaminergic neurons die from apoptosis in
Parkinson’s disease (Hirsch et al., 1999; Hartmann
et al., 2001).

An important event in the apoptotic cascade is
the release of cytochrome c from mitochondria into
the cytoplasm, leading to sequential activation of
caspase-9 and downstream executioner caspases (Liu
et al., 1996; Budihardjo et al., 1999). It has been
demonstrated that cytochrome c release in isolated
liver mitochondria occurs through distinct mecha-
nisms that are either Ca2+-dependent or Ca2+-inde-
pendent (Gogvadze et al., 2001). In the first case,
mitochondrial Ca2+ overload promotes mitochond-
rial permeability transition pore opening, swelling of
the matrix, and rupture of the outer mitochondrialCorrespondence to: L. Corazzi; email: corazzi@unipg.it
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membrane, thus allowing protein release. Whether
Ca2+-dependent cytochrome c release proceeds
through the same pathway also in brain mitochondria
is an open question (Andreyev & Fiskum, 1999;
Brustovetsky et al., 2002). Ca2+-independent cyto-
chrome c release is likely to be governed by the Bcl-2
protein family. A recent report showed that cyto-
chrome c release requires a two-step process that
consists of detachment of the protein from its mem-
brane-anchoring lipid, followed by Bax-promoted
outer mitochondrial membrane permeabilization (Ott
et al., 2002).

Cytochrome c binds to membranes containing
acidic phospholipids, particularly cardiolipin (CL)
either as such or complexed with cytochrome c oxi-
dase (Das et al., 1962; Vanderkooi, Erecinska &
Chance, 1973; Rytömaa & Kinnunen, 1995; Tuomi-
nen, Wallace & Kinnunen, 2002). Two different types
of interactions have been characterized for binding of
cytochrome c to the membrane through distinct sites
in the protein, the A-site for electrostatic and the
C-site for hydrophobic interactions. It has been sug-
gested that the hydrophobic component of the C-site-
mediated interaction is due to an extended lipid
anchorage of one of the phospholipid acyl chains
protruding from the membrane and accommodating
within a hydrophobic channel in cytochrome c,
whereas the other chain remains in the lipid bilayer
(Tuominen et al., 2002).

The quantitative interactions of cytochrome c
with CL and other anionic phospholipids, such as
phosphatidylglycerol (PG), may be important in the
equilibrium status between bound and unbound cyto-
chrome c. Palmitate-induced cardiomyocyte apopto-
sis is accompanied by diminished CL synthesis due
to PG fatty acid saturation that renders PG a poor
substrate for CL synthase. In this system, decreased
CL synthesis and cytochrome c release are directly
correlated (Ostrander et al., 200la). Therefore, cyto-
chrome c-CL interactions could be influenced not only
by CL content but also by its fatty-acid composition,
since the hydrophobic interaction is the main com-
ponent in the association of cytochrome c to the inner
mitochondrial membrane. In brain mitochondria,
Dwm increased after fusion of exogenous CL to mito-
chondria, whereas Dwm decrease and cytochrome c
release was observed during incubation of mitochon-
dria at low respiratory rate (Piccotti et al., 2002).

In this study we demonstrate that highly unsatu-
rated CL liposomes bind cytochrome c tighter than do
less unsaturated species. This finding justifies the ob-
served release of cytochrome c from brain mitochon-
dria whose CL undergoes fatty-acid saturation after in
vitro incubation at low respiratory rate. Cytochrome c
detached from the inner membrane may be trapped
in the intermembrane space or discharged out of
mitochondria, depending on metabolic conditions.
Exogenous cytochrome c added to mitochondria

translocates across the outer mitochondrial mem-
brane and localizes in the inner membrane, contrib-
uting to mitochondrial respiratory activity.

Materials and Methods

CHEMICALS

3,3¢-diexyloxocarbocyanine iodide (DiOC6(3)) was from Molecular

Probes Europe BV; pronase, carbonyl cyanide 3-chlorophenylhy-

drazone (CCCP), and nigericin were from Fluka Chemie AG

(Italy). HEPES, cytochrome c, ADP (K+ salt), malic acid, and

pyruvic acid were purchased from Roche Molecular Biochemicals

(Italy). Pyruvic acid and malic acid solutions were adjusted to

pH 7.0 with KOH. Heart CL, other phospholipids, protease in-

hibitor cocktail, and fatty acid methyl esters standards were ob-

tained from Sigma Chemicals (Italy). Rabbit anti-(cytochrome c)

polyclonal IgG and donkey anti-rabbit HRP-conjugated IgG were

from Santa Cruz Biotechnology (Santa Cruz, CA).

PREPARATION OF MITOCHONDRIA

Mitochondria were prepared from rat brain cortex as previously

described (Monni et al., 2000). The mitochondrial pellet was re-

suspended in 0.32 M sucrose, 2 mM HEPES (pH 7.4) (S/H buffer)

and biochemical characterization was performed as described

(Monni et al., 2000). In some experiments, pronase treatment of

mitochondria was performed by incubating mitochondria (1 mg of

protein in 1 ml of S/H buffer) with pronase (25 lg) at room tem-

perature for 10 min. After pelletting by centrifugation for 10 min at

9,000 · g, mitochondria were resuspended in S/H buffer. Respira-

tory activity of mitochondria was modulated with ADP, pyruvate,

and malate (0.8, 1.5, and 3.0 mM, respectively) in the presence of 5

mM potassium phosphate. Substrates and phosphate were omitted

in de-energized state. When specified, 20 lM nigericin or 50 lM

CCCP were added.

TREATMENT OF MITOCHONDRIA WITH DIGITONIN

To permeabilize the outer membrane, mitochondria were treated

with digitonin (0.4 mg/mg of mitochondrial protein, 10 min at 0�C)
following a described procedure (Camici & Corazzi, 1995). The

integrity of the inner mitochondrial membrane after digitonin

treatment was evaluated by measuring the activity of cytochrome c

oxidase (Corazzi et al., 1993). The content of CL in the post-digi-

tonin supernatant was determined as an index of contamination of

inner mitochondrial membrane fragments.

ISOLATION OF CL AND PG FROM BRAIN MITOCHONDRIA

Lipids were extracted as described (Folch, Lees & Sloane Stanley,

1957)with 50 lMbutylated hydroxytuolene added as an antioxidant.

After phase separation, the chloroform phase was collected and the

hydro-methanolic phase and the interphase were extracted two ad-

ditional times with chloroform. The combined extracts were eva-

porated to dryness and lipids were dissolved in chloroform. Isolated

total lipids were then applied to silica gel-G plates and developed

with chloroform/methanol/18% ammonium hydroxide (65:25:4) for

the purification of CL, or chloroform/methanol/acetic acid (65:25:

10) for the purification of PG. Lipids were identified by co-chro-

matography with authentic standards and eluted from the silica with

chloroform/methanol/acetic acid/water (50:39:1:10). Phospholipid

phosphate was assayed by the method of Bartlett (1959).
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PREPARATION OF LIPOSOMES

CL and PG unilamellar vesicles were prepared in S/H buffer by

reverse-phase evaporation (Szoka & Papahadjopoulus, 1978). Li-

posomes were sized by extrusion using polycarbonate Unipore

membranes (0.1 lM pore size, Millipore).

FLOW CYTOMETRY ANALYSIS

The energized state of mitochondria was monitored by flow

cytometry, measuring the fluorescence of the membrane potential-

sensitive probe DiOC6(3). The mean fluorescence of DiOC6(3)-

stained mitochondria correlates with Dwm. The merits as well as

limitations of the use of this probe in Dwm measurement have been

reviewed by Nicholls and Budd (2000). Mitochondria (0.3 mg of

protein) were incubated in different respiratory conditions and then

loaded with 0.03 lM DiOC6(3) for 5 min at room temperature.

Suspensions were analyzed immediately by flow cytometry analysis

usingaFACScanflowcytometer (BeckmanCoulterEpicsXL-MCL)

equipped with a focused argon laser. For complete depletion of Dwm

(positive control), the mitochondrial uncoupler CCCP (50 lM) was

used. Data were analyzed and stored in a data management system

(LYSYS software). DiOC6(3) green fluorescence (FL1) was plotted

on a logarithmic scale vs. the frequency of events. The mean value of

the integral of fluorescence (IGFL) was also evaluated (Monni et al.,

2000). In other experiments, mitochondria were loaded with

DiOC6(3) as described, in the presence of respiratory substrates. CL

liposomes (10 nmol lipid) were then added and fusion was allowed

for 5 min at room temperature in the presence of 5 mM potassium

phosphate (Piccotti et al., 2002). Flow cytometry analysis was per-

formed as described. Forward (FS) and side (SS) light scatter were

recorded as indices of particle size and granularity, respectively.

RELEASE OF CYTOCHROME C FROM ISOLATED

MITOCHONDRIA

First, mitochondria (0.3 mg of protein) incubated in different res-

piratory conditions were centrifuged for 10 min at 9,000 · g. The

supernatant (S) was recovered, whereas the mitochondrial pellet was

resuspended in S/H buffer and treated with digitonin as described

earlier to permeabilize the outer mitochondrial membrane. After

centrifugation for 10 min at 9,000 · g the pellet (M) and post-dig-

itonin supernatant (I) were recovered. Western blot analysis of

cytochrome c was performed in M, S, and I fractions. Next, control

or pronase-treated mitochondria (0.3 mg of protein) were incubated

for 10 min at 20�C with or without 20 mM potassium phosphate

(pH 7.4). The mitochondrial pellet and the extramitochondrial me-

dium were recovered by centrifugation for 10 min at 9,000 · g and

subjected to Western blot analysis using anti-(cytochrome c) IgG.

RECONSTITUTION AND TOPOLOGY OF CYTOCHROME C IN

LIPOSOMES

Reconstitution of cytochrome c in CL liposomes was performed by

mixing liposomes (10 nmol lipid in 200 ll of S/H buffer) with

cytochrome c (1 nmol). The solutions were incubated for 10 min at

room temperature and unbound cytochrome c filtered through

Microcon YM-100 (Amicon) by centrifuging at 10,000 · g for

10 min. Filtered and retained material was recovered and analyzed

by immunoblotting for the detection of cytochrome c. In some ex-

periments liposomes were prepared in the presence of cytochrome c

(10 nmol CL and 1 nmol cytochrome c). To study the localization of

cytochrome c in the lipid bilayer, reconstituted liposomes were

treatedwith pronase (0.75 lg, 5 min at room temperature). After the

addition of a protease inhibitor cocktail, liposomes were filtered and

cytochrome c was analyzed as described above.

RELEASE OF CYTOCHROME C FROM LIPOSOMES

Cytochrome c-CL liposomes obtained as described were incubated

10 min at room temperature in the presence of increasing potassi-

um phosphate concentrations.

Samples were then filtered through Microcon YM-100 by

centrifuging at 10,000 · g for 10 min and cytochrome c in the

filtrate was detected by Western blotting. Individual band densities

of immunoblots were integrated by using Quantiscan software

(Biosoft, Cambridge, U.K.).

FATTY ACID ANALYSIS OF CLS AND PGS

Purified CLs and PGs were transesterified using HCl/methanol

(1:20, v/v). Fatty acid methyl esters were separated by gas-liquid

chromatography on a glass column (0.2 · 240 cm) packed with GP

10% SP-2330 on 100/120 Chromosorb W AWW (Supelco). Sepa-

ration of fatty acid methyl esters of 18 carbon atoms or less was

achieved by isothermal chromatography at 200�C for 10 min. The

temperature was then increased to 230�C at a rate of 10�C/min to

separate fatty acidmethyl esters longer then 18 carbon atoms. All the

analyses were performed on HRGC 5300 (Carlo Erba Instruments)

gas chromatograph. Eluted peaks were integrated with a Borwin

chromatography software program. Identification of each methyl

ester was based on chromatography with authentic standards.

ENRICHMENT OF MITOCHONDRIA WITH EXOGENOUS

CYTOCHROME C

Control or pronase-treated mitochondria (0.3 mg of protein) were

incubated with cytochrome c (1 nmol) for 10 min at room tem-

perature in different respiratory conditions. Residual external cyt-

ochrome c was removed by incubation for 5 min with pronase

(2.5 lg) followed by treatment with protease inhibitors. Mito-

chondria were then recovered by centrifuging at 9,000 · g for

10 min and cytochrome c was evaluated by Western blot. In other

experiments, respiratory substrates, 5 mM potassium phosphate,

and cytochrome c (1 nmol), were added to mitochondria, prein-

cubated or not at 37�C for different times in de-energized state.

Cytochrome c was omitted in controls. Mitochondria were then

loaded with DiOC6(3) and Dwm, FS, and SS were determined.

ABBREVIATIONS

S/H, sucrose/HEPES; HEPES, 4-(2-hydroxyethyl)-1-piperazine-

ethanesulfonic acid;2 DiOC6(3), 3,3¢-dihexyloxacarbocyanine iodide;
CCCP, carbonyl cyanide 3-chlorophenylhydrazone; CL, cardioli-

pin; PG, phosphatidylglycerol; Dwm, mitochondrial membrane po-

tential; IGFL, integral of fluorescence; FS, forward light scatter; SS,

side light scatter; SFA, saturated fatty acids; MUFA, monoun-

saturated fatty acids; PUFA, polyunsaturated fatty acids; TOM,

trans-locase of the outer membrane.

Results

CHARACTERIZATION OF PURIFIED MITOCHONDRIA

Biochemical parameters of mitochondrial prepara-
tions were previously reported (Monni et al., 2000).
Respiratory properties of mitochondria were studied
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in the presence of pyruvate and malate. Mitochondria
were metabolically active with a respiratory control
ratio (ratio of state 3 to state 4) in the range 5–6. This
value is in agreement with data reported in the liter-
ature (Lai, Sheu & Carlson, 1985). After digitonin
treatment cytochrome c oxidase was quantitatively
recovered. CL, which is only present in the inner
mitochondrial membrane, was not detectable in the
post-digitonin supernatant. All these findings suggest
that in our experimental conditions digitonin acts on
the outer mitochondrial membrane, without dama-
ging the inner membrane.

INFLUENCE OF MITOCHONDRIAL RESPIRATORY ACTIVITY

ON Dwm AND ON THE RELEASE OF CYTOCHROME C

FROM MITOCHONDRIA

We evaluated the possible correlation between the
respiratory activity of mitochondria and the release
of cytochrome c in the extramitochondrial medium.
The Dwm of mitochondria incubated in different res-
piratory conditions was evaluated after loading with
the membrane potential-sensitive probe DiOC6(3).
IGFL values (arbitrary units) were calculated from
single-parameter frequency histograms after flow cy-
tometry analysis. In parallel experiments, mito-
chondrial suspensions were analyzed by Western blot
for cytochrome c bound to the inner membrane, re-
leased outside mitochondria, and in the post-digito-
nin supernatant. In the de-energized state, an IGFL
value of 67 was measured at zero time and cyto-
chrome c was retained in mitochondria (Fig. 1).
IGFL decreased to 51 after 60 min incubation at
37�C. When mitochondrial potential was sustained
by the addition of respiratory substrates and 5 mM

phosphate, an initial IGFL value of 114 was meas-
ured that decreased to 60 after 60 min incubation at
37�C. Release of cytochrome c beyond the outer
mitochondrial membrane in the supernatant was
observed in both experimental conditions. In every
case, soluble cytochrome c was found in the post-
digitonin supernatant (Fig. 1). Pretreatment of mi-
tochondria with ionophore nigericin produced an
increase of Dwm (IGFL = 150) without detachment
of cytochrome c. Complete depletion of Dwm in the
presence of the mitochondrial uncoupler CCCP re-
sulted in release of cytochrome c, most of which was
found in the post-digitonin supernatant (Fig. 1).

Phosphate is an important factor in respiratory
activity. In a previous paper we described the dis-
placement of cytochrome c from mitochondria trig-
gered by phosphate concentrations higher than 10
mM (Piccotti et al., 2002). To investigate the mecha-
nism of phosphate-dependent cytochrome c release,
control and pronase-treated mitochondria were in-
cubated with 20 mM potassium phosphate for 10 min
at room temperature in the presence of respiratory
substrates. The phosphate-dependent release of cyto-

chrome c monitored by Western blot analysis of
mitochondrial pellet and extramitochondrial medium
is shown in Fig. 2. The entrance of 20 mM phosphate
inside the mitochondrion caused cytochrome c re-
lease, interfering with hydrophilic interactions exist-
ing between cytochrome c and CL. The pre-treatment
of mitochondria with pronase prevents the phos-
phate-dependent release of cytochrome c, possibly by
degrading the phosphate transporter, thus hindering
the entrance of the anion. This result suggests that
treatment of mitochondria with 20 mM phosphate
occurs without disrupting the outer mitochondrial
membrane.

INTERACTION OF CYTOCHROME C WITH LIPOSOMES

The mode of membrane association of cytochrome c
was studied in a model system of cytochrome c re-
constituted in CL liposomes. Heart CL liposomes
(10 nmol lipid) were mixed with cytochrome c
(1 nmol) in S/H buffer and incubated at room tem-
perature for 10 min. In these experimental conditions
the binding of protein to CL was complete, since no
residual cytochrome c was detected in the filtrate after
centrifugation of liposomes through Microcon YM-
100. To evaluate the localization of cytochrome c in
liposomes, reconstituted vesicles were treated with
pronase, and cytochrome c in the recovered lipo-
somes was evaluated by Western blotting. Fig. 3
shows that no cytochrome c was present in pronase-
treated liposomes, indicating that protein localizes on
the external surface of liposomes. In the experiments
performed by preparing CL liposomes in the presence
of cytochrome c, Western blot analysis of pronase-
treated vesicles showed that about 30% of cyto-
chrome c was still present in liposomes (Fig. 3). This
indicates that part of cytochrome c was entrapped
inside liposomes and could not become a substrate
for pronase, demonstrating that pronase acts only on
the surface of liposomes.

Displacement of cytochrome c by phosphate was
evaluated in CL liposomes. Cytochrome c-reconsti-
tuted liposomes were incubated for 10 min at room
temperature in the presence of increasing phosphate
concentrations. Samples were centrifuged for 10 min
at 10,000 · g through Microcon YM-100 and released
cytochrome c was evaluated in the filtrate by Western
blot analysis. Cytochrome c release was observed for
phosphate concentrations ‡10 mM (Fig. 4A), as pre-
viously observed also in mitochondria (Piccotti et al.,
2002). The amount of released cytochrome c did not
follow a linear relationship with phosphate concen-
tration. For phosphate concentrations higher than
100 mM the release of cytochrome c reached a plateau
(Fig. 4B) corresponding to about 44% of total cyto-
chrome c in liposomes.

The ability of phosphate to displace cytochrome c
from liposomes made with different CLs was tested.
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Binding of cytochrome c to CL from heart mito-
chondria is stronger than that to CL from brain
mitochondria (Fig. 5). Moreover, CL prepared from
brain mitochondria previously incubated for 60 min
at 37�C favors the release of cytochrome c, compared
to CL prepared from non-incubated mitochondria.
To better understand these results, we analyzed the
fatty-acid composition of the different CLs. Heart
mitochondria CL contains about 14% saturated fatty
acids (SFA), 6% monounsaturated fatty acids
(MUFA), and 80% 18:2n-6. In contrast, CL from
brain mitochondria contains about 17% SFA, 34%
MUFA, and 48% polyunsaturated fatty acids

(PUFA), about 20% of which is 18:2n-6, 22% 20:4n-6,
and 6% 22:6n-3. CL from brain mitochondria under-
went modifications following incubation of mito-
chondria for 60 min at 37�C. SFA increased to 24%
and PUFA decreased to 41%. PUFA decrease was
mainly due to 18:2-n6.

PG is the precursor for CL synthesis through CL
synthase (Ostrander et al., 2001a). We purified PG
from brain and heart mitochondria and determined
the fatty-acid composition. In brain PG, 65% was
SFA, 17% MUFA, and 18% PUFA (only 2% 18:2-
n6), whereas in heart PG, 53% was SFA, 31%
MUFA, and 16% PUFA (14% 18:2-n6). The extent of

Fig. 1. Influence of mitochondrial respiratory

activity on Dwm and on the release of cytochrome

c. Mitochondria (0.3 mg of protein) incubated in

different respiratory conditions were loaded with

DiOC6(3) (0.03 lM) before flow cytometry

analysis. In parallel experiments, mitochondria

incubated as described above were centrifuged at

9,000 · g for Western blot analysis of

cytochrome c in the supernatant (S). The

mitochondrial pellet was then resuspended and

treated with digitonin (0.4 mg/mg of

mitochondrial protein, 10 min at 0�C). After

centrifugation (9,000 · g for 10 min), cytochrome

c in pellet (M) and in supernatant was analyzed.

Cytochrome c in the supernatant was taken as

the protein present in the intermembrane space

(I). A representative experiment of three is

shown.
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phosphate-dependent release of cytochrome c from
PG liposomes was higher with brain than with heart
PG (not shown). These results suggest that the phos-
phate-dependent displacement of cytochrome c from
CL and PG liposomes may be influenced by phos-
pholipid fatty-acid composition that can modulate
the extent of hydrophobic interactions between cyto-
chrome c and phospholipids.

ENRICHMENT OF MITOCHONDRIA WITH CL: EFFECT

ON Dwm

Fusion of CL liposomes to mitochondria was carried
out as previously described (Piccotti et al., 2002). The
fusion kinetics in the presence of phosphate was
identical with both heart and brain CL, indicating
that mitochondria were enriched to the same extent
with exogenous CLs. The Dwm of CL-fused mito-
chondria was evaluated by cytofluorimetry using
DiOC6(3). Fusion with heart CL noticeably increased
Dwm compared to the basal value measured in control
mitochondria (Fig. 6). Dwm increase was lower upon
enrichment with brain CL, suggesting that the fatty-
acid composition of CL may influence Dwm. Treat-
ment of mitochondria with CCCP produced a de-
crease of Dwm, whereas FS did not increase in fused
mitochondria compared to control, indicating the
absence of mitochondrial swelling (not shown).

INCUBATION OF MITOCHONDRIA WITH EXOGENOUS

CYTOCHROME C

Uptake of exogenous cytochrome c by mitochondria
was investigated to evaluate the permeability of the
outer mitochondrial membrane to this protein and
the effect on mitochondrial respiratory activity.
Control or pronase-treated mitochondria (0.3 mg of
protein) were incubated with cytochrome c (1 nmol)
for 10 min at room temperature. Non-incorporated
cytochrome c was proteolyzed by treatment with
pronase and mitochondria were recovered by cen-
trifugation. The addition of cytochrome c to a sus-

pension of mitochondria resulted in incorporation of
the protein inside mitochondria (Fig. 7). Neither the
increase of Dwm in the presence of respiratory sub-
strates nor the collapse of Dwm after the addition of
CCCP appeared to influence entrance of the protein.
Moreover, import of cytochrome c did not require

Fig. 2. Effect of pronase treatment of mitochondria on phosphate-

dependent release of cytochrome c (cyt c). Aliquots of control and

pronase-treated mitochondria (0.3 mg of protein) were incubated

for 10 min at 20�C with or without 20 mM potassium phosphate

and centrifuged for 10 min at 9,000 · g. Western blot analysis of

cytochrome c was performed in the mitochondrial pellet (M) and in

the extramitochondrial medium (S). A representative experiment of

three is shown.

Fig. 3. Reconstitution and topology of cytochrome c in CL lipo-

somes. Blots 1–3: Pre-formed CL liposomes (10 nmol lipid) were

incubated with cytochrome c (1 nmol) for 10 min at room tem-

perature and then filtered through Microcon YM-100. In blot 3,

reconstituted liposomes were treated with pronase (see Methods)

before filtration. Cytochrome c was detected by immunoblotting in

the retained portion and in the filtrate. Blot 1, retained portion in

control; blot 2, filtrate in control; blot 3, retained portion in pro-

nase-treated; blots 4 and 5, CL (10 nmol lipid) was mixed with

cytochrome c (1 nmol) and liposomes were prepared as described.

Cytochrome c retained in control (blot 4) and in pronase-treated

(blot 5) was detected by immunoblotting. Blot 6: standard cyto-

chrome c.

Fig. 4. Phosphate-dependent release of cytochrome c from CL

liposomes. Cytochrome c-reconstituted liposomes (10 nmol CL,

1 nmol cytochrome c) were incubated for 10 min at room tem-

perature in the presence of increasing phosphate concentrations

and then filtered through Microcon YM-100. Western blot of

cytochrome c was performed on the filtrate. (A) Phosphate con-

centration threshold. A representative experiment of three is

shown. (B) Released cytochrome c is expressed as arbitrary units

calculated by immunoblot densities. Values are the mean ± SD of

four independent experiments.
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pronase-sensitive components of the outer mito-
chondrial membrane. Digitonin permeabilization of
cytochrome c-enriched mitochondria did not result
in release outside of the imported protein (not
shown).

MEMBRANE POTENTIAL OF CYTOCHROME C-ENRICHED

MITOCHONDRIA AND LIGHT-SCATTERING

PROPERTIES

The Dwm was determined by cytofluorimetry of
DiOC6(3) mitochondria after the addition of exo-
genous cytochrome c. IGFL values (arbitrary units)
of 233 and 155 were measured at zero time for control
and cytochrome c-enriched mitochondria, respec-
tively. IGFL values decreased to 163 and 67 after
incubation for 60 min at 37�C in the presence of
respiratory substrates and 5 mM phosphate. These
data indicate that acquired cytochrome c determines
a consumption of Dwm that is more pronounced
during the respiratory activity of mitochondria.

FS and SS of mitochondria were determined. FS
reflects the size of mitochondria, whereas SS (light
collected at 90�) depends on intensity and diffraction
capacity of the mitochondrion, providing informa-
tion on its structure (complexity/granularity). Mito-
chondrial size, determined by FS of individual
particles, did not change following incubation in the
presence of respiratory substrates or after the capture
of cytochrome c (Fig. 8), indicating the lack of
swelling. In contrast, compared to control, SS in-
creased in mitochondria that incorporated cyto-
chrome c, indicating a higher complexity in their
inner structure. The distribution of mitochondrial
complexity in the function of DiOC6(3)-fluorescence
accumulation was also evaluated. In the presence of
respiratory substrates, about 40% mitochondria be-
long to a high-potential population. In the same
conditions, the incorporation of cytochrome c inside
mitochondria determines a reduction of the high-
potential population to 15%, accompanied by a shift
towards a low-potential population characterized by
higher complexity (Fig. 8).

Discussion

Detachment of cytochrome c from the inner mem-
brane of brain mitochondria was observed during
metabolic stress. A model system of cytochrome c
reconstituted in CL liposomes was investigated to
evaluate the importance of hydrophobic interactions
in the anchorage of cytochrome c to the inner mito-
chondrial membrane. We found that changes of CL
fatty-acid composition occurring during the meta-
bolic activity of mitochondria were responsible for
the weakening of the hydrophobic interactions in the
binding of the protein, resulting in cytochrome c re-
lease.

Decrement of Dwm was measured in mitochon-
dria subjected to metabolic stress, as a result of cat-
abolic and oxidative processes. These events were
accompanied by cytochrome c release. Some of the
cytochrome c, very likely representing a soluble pool
restricted to the intermembrane space of mitochon-
dria, was found in the post-digitonin supernatant.
The increase of this pool during incubation of mito-
chondria was accompanied by extrusion of the pro-
tein outside mitochondria (Fig. 1). This finding is in
accordance with the proposed two-step model for
cytochrome c release, consisting in detachment of the
protein from its membrane-anchoring lipid into a
soluble pool, followed by permeabilization of the
outer mitochondrial membrane (Ott et al., 2002). The
size of the soluble cytochrome c pool may be regu-
lated through Dwm. In fact, when Dwm increased in
the presence of nigericin, soluble cytochrome c moved
to the inner membrane. In contrast, collapse of Dwm

caused a shifting of the equilibrium towards the sol-
uble form that was maintained in the intermembrane
space (Fig. 1).

Exposure of mitochondria to 20 mM phosphate
resulted in the release of cytochrome c outside mito-
chondria (Fig. 2). The system of cytochrome c re-
constituted in CL liposomes is a useful model to
investigate the effect of phosphate on the hydrophilic
component of cytochrome c-CL interactions. As for
intact mitochondria, phosphate-dependent cyto-
chrome c release from reconstituted liposomes re-
quired at least 10 mM phosphate (Fig. 4A), indicating
this value as the threshold phosphate concentration
able to discharge the loosely bound cytochrome c
pool. Tightly bound protein was released by in-
creasing phosphate concentration, reaching about
44% of total cytochrome c at 100 mM (Fig. 4B). The
remaining cytochrome c should account for the
tightly bound conformation characterized by hydro-
phobic interactions. The relevance of the hydropho-
bic interaction component in cytochrome c–CL
association was further demonstrated by comparing
the phosphate-dependent cytochrome c detachment
from liposomes made with CL extracted from heart
or brain mitochondria, highly different for linoleic

Fig. 5. Phosphate-dependent cytochrome c release from CL lipo-

somes: influence of CLs. Cytochrome c-reconstituted liposomes

(10 nmol lipid, 1 nmol cytochrome c) made with CL purified from

heart mitochondria (blot 2), or from brain mitochondria (blot 3),

or from brain mitochondria incubated 60 min at 37�C in de-ener-

gized state (blot 4) were incubated for 10 min at room temperature

in the presence of 50 mM potassium phosphate and then filtered

through Microcon YM-100. Western blot analysis was performed

in the filtrate. Blot 1 is standard cytochrome c. A representative

experiment of three is shown.
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acid content. In cytochrome c–lipid interactions, the
adoption of the extended conformation (Rytömaa &
Kinnunen, 1995) requires the protrusion of the sn-2
acyl chain, in which cis double bonds allow for
greater conformational flexibility (Kinnunen et al.,
1994; Tuominen et al., 2002). Therefore, the stronger
cytochrome c–heart CL hydrophobic interaction is
imputable to3 18:2n-6, which should represent the
fitting acyl chain in this type of interaction. Conse-
quently, the weaker hydrophobic interaction of cyto-
chrome c with CL purified from brain mitochondria
can be explained by the presence of more saturated
acyl chains and less linoleic acid (Fig. 5).

The role of CL in mitochondrial function is a
subject of increasing interest. The lack of mito-
chondrial anionic phospholipids causes an inhibition
of translation of protein components of the electron
transport chain (Ostrander et al., 2001b). CL is also
required for supercomplex formation in the inner

mitochondrial membrane (Zhang, Mileykovskaya &
Dowhan, 2002). Lack of CL in yeast results in de-
creased Dwm and reduced mitochondrial function
(Jiang et al., 2000). CL prevents the rate-dependent
uncoupling and provides osmotic stability of mito-
chondria (Koshkin & Greenberg, 2002). In our stu-
dies, DiOC6(3)-accumulated fluorescence and the size
of mitochondria were measured after supplementing
with exogenous CL. For cationic dyes, fluorescence
accumulation is dependent not only on Dwm increase
but also on the increase of mitochondrial volume
(Vander Heiden et al., 1997). We found that forward
angle light scattering, the direct measure of particle
size (Allman et al., 1990), was not affected by the
fused lipid, indicating that the observed fluorescence
increase was not due to mitochondrial swelling but
only to an increase of Dwm (Fig. 6). In confirmation
of this, the uncoupler CCCP, which dissipates the
H+ ion generated by the electron transport chain,

Fig. 6. Flow cytometry analysis of Dwm in DiOC6(3)-stained mi-

tochondria: effect of fused CLs. Mitochondria (0.3 mg of protein)

were loaded with DiOC6(3) (0.03 lM) and incubated for 5 min at

room temperature in the presence of respiratory substrates plus 5

mM potassium phosphate. Liposomes (10 nmol lipid) made with

CL purified from heart or from brain mitochondria were added and

fusion was allowed for 5 min at room temperature before flow

cytometry analysis. Numbers in parentheses indicate the IGFL

value in the presence of CCCP. A representative experiment of

three is shown.

Fig. 7. Enrichment of mitochondria with exogenous cytochrome c.

Control or pronase-treated mitochondria (0.3 mg of protein) were

incubated with cytochrome c (1 nmol) for 10 min at room tem-

perature, in different respiratory conditions. Residual external

cytochrome c was removed by incubation for 5 min with pronase

(2.5 lg), followed by treatment with protease inhibitors. Mito-

chondria were recovered by centrifugation (9,000 · g, 10 min) and

cytochrome c was evaluated by immunoblot. A representative ex-

periment of three is shown.
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produced a significant decrease of DiOC6(3) fluores-
cence. The high increase of Dwm produced by heart
CL, compared to brain CL, can be specifically as-
cribed to the high 18:2n-6 content. In the metabolic
pathway of CL synthesis, the precursor PG contains
low levels of unsaturated acyl chains. On the other
hand, CL synthase is highly specific for unsaturated
PG substrates (Ostrander et al., 2001a). In heart
mitochondria, the existence of distinct PG pools was
observed (Hatch, Cao & Angel, 1995) but only the
newly synthesized pool is used for CL synthesis
(Hatch, 1996). In addition, newly-formed CL may be
remodeled by a deacylation-reacylation pathway
(Hatch, 1998; Schlame & Rustow, 1990). If an 18:2n-6

pool is available, it is reasonable to argue that the
remodeling pathway is operating also in the brain. In
this regard, it has been shown that, despite the high
baseline levels of 18:2n-6 in heart mitochondrial CL,
compared to brain, CL 18:2n-6 levels increased also
in the brain in proportion to dietary 18:2n-6 supply
(McGee, Lieberman & Greenwood, 1996).

Exogenous cytochrome c crosses the outer mito-
chondrial membrane without requiring protease-
sensitive components or membrane potential (Fig. 7).
This finding is in agreement with mitochondrial apo-
cytochrome c importation, which requires the pro-
tease-resistant component4 (TOM40) of the translocase
of the outer membrane (TOM) complex (Mayer,

Fig. 8. Light-scattering properties of cytochrome c-enriched mi-

tochondria: FS, size and SS, granularity. Mitochondria (0.3 mg of

protein) not pre-incubated (A) or pre-incubated 15 min at 37�C in

de-energized state (B and C) were added with respiratory substrates

and 5 mM potassium phosphate in the absence (A and B) or in the

presence (C) of cytochrome c (1 nmol). Samples were then loaded

with DiOC6(3) (0.03 lM) and incubated for 5 min at room

temperature before light-scattering analysis. A representative

experiment of three is shown.
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Neupert & Lill, 1995; Diekert et al., 2001). TOM ma-
chinery is also involved in cytochrome c importation
through TOM22 in yeast mitochondria (Wiedemann
et al., 2003). Exogenously added cytochrome c was
retained in mitochondria even after permeabilization
of the outer mitochondrial membrane with digitonin.
It has been demonstrated that the association of cyto-
chrome c to the membrane is a cooperative process
(Nantes et al., 2001). This may justify our finding that
the inner membrane is able to bind large amounts of
exogenous cytochrome c. We found that exogenous
cytochrome c favored the drop of Dwm in response to
respiratory substrates and ADP, as previously re-
ported for liver mitochondria (Mootha et al., 2001). In
liver mitochondria, a concomitant increase in oxygen
consumption was observed, suggesting that added
cytochrome c actively participates in the recovery of
respiratory control.A further contribution to elucidate
the role of exogenous cytochrome c in respiratory
control comes from the analysis ofFS andSS.First, the
incorporation of exogenous cytochrome c was con-
firmed by the high complexity values evidenced by SS.
Second, mitochondrial heterogeneity with respect to
DiOC6(3) fluorescence associated to a single particle
showed that Dwm decrease could be ascribed to a se-
lected mitochondrial population containing the in-
corporated cytochrome c (Fig. 8).

Mitochondria defects occur in a wide variety of
neurodegenerative disorders and increasing evidence
implicates apoptosis-mediated cell death in the
pathogenesis of neurodegenerative diseases. Release
of cytochrome c is a necessary first step for initiation
of apoptosis. A recent report strongly supports a re-
lationship between decreased CL synthesis and cyto-
chrome c release, correlating the concept of altered
lipid metabolism and cardiac cell death (Ostrander
et al., 2001a). Depletion of CL accompanies ischemia
in heart and brain (Nakahara et al., 1991; Lesnefsky
et al., 2001). In glutamate-induced neuron death and
in staurosporine-treated cultured cerebrocortical
neurons a release of cytochrome c was ascertained
(Budd et al., 2000; Luetjens et al., 2000). Neuronal
cytochrome c immunoreactivity increased in Hunt-
ington’s disease, with a shift in the distribution of the
protein from mitochondria to the cytosolic fraction
(Kiechle et al., 2002). Since release of cytochrome c
appears to be a common feature in many events
leading to cell suffering, studies on mechanisms reg-
ulating the interaction between CL and cytochrome c
in the inner membrane of brain mitochondria may be
relevant.

In this work, evidence was provided that the re-
lease of cytochrome c from the inner membrane of
brain mitochondria is strictly related to the respira-
tory activity of mitochondria, the retention of cyto-
chrome c being sustained by high Dwm. Since
hydrophobic interactions with CL 18:2n-6 acyl chains
mainly support the binding of cytochrome c to the

membrane, saturation of CL fatty acids during met-
abolic activity of mitochondria was responsible for
weakening of protein anchorage to the membrane.
While the externalization of the released protein is
known to be a regulated process, exogenous cyto-
chrome c was incorporated in mitochondria without
the involvement of protease-sensitive factors or re-
quirement of membrane potential. The internalized
protein became anchored to the inner membrane and
contributed to the recovery of respiratory control.
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