Archives of Biochemistry and Biophysics
Vol. 386, No. 2, February 15, pp. 251–260, 2001
doi:10.1006/abbi.2000.2201, available online at http://www.idealibrary.com on

Mitochondrial Precursor Signal Peptide Induces a Unique
Permeability Transition and Release of Cytochrome c
from Liver and Brain Mitochondria
Yulia E. Kushnareva,* ,1 Brian M. Polster,† ,‡ ,1 Patricia M. Sokolove,* Kathleen W. Kinnally,§
and Gary Fiskum* ,† ,2
*Department of Pharmacology and Experimental Therapeutics, University of Maryland School of Medicine, Baltimore,
Maryland 21201; †Department of Anesthesiology, University of Maryland School of Medicine, Baltimore, Maryland 21201;
‡Neuroscience Program, University of Maryland School of Medicine, Baltimore, Maryland 21201 (in partial fulfillment
of a Ph.D.); and §Division of Basic Sciences, New York University College of Dentistry, New York, New York 10010

Received September 1, 2000, and in revised form November 2, 2000; published online January 11, 2001

This study tested the hypothesis that mitochondrial
precursor targeting peptides can elicit the release of
cytochrome c from both liver and brain mitochondria
by a mechanism distinct from that mediated by the
classical, Ca 2ⴙ-activated permeability transition pore.
Human cytochrome oxidase subunit IV signal peptide
(hCOXIV 1-22) at concentrations from 15 to 100 M induced swelling, a decrease in membrane potential,
and cytochrome c release in both types of mitochondria. Although cyclosporin A and bongkrekic acid
were without effect, dibucaine, propanolol, dextran,
and the uncoupler FCCP were each able to inhibit
signal peptide-induced swelling and cytochrome c release. Adenylate kinase was coreleased with cytochrome c, arguing against a signal peptide-induced
cytochrome c-specific pathway of efflux across the
outer membrane. Taken together, the data indicate
that a human mitochondrial signal peptide can evoke
the release of cytochrome c from both liver and brain
mitochondria by a unique permeability transition that
differs in several characteristics from the classical mitochondrial permeability transition. © 2001 Academic Press
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The mitochondrial permeability transition has been
the focus of much attention in studies on both necrotic
and apoptotic cell death (1). The classical permeability
transition pore (PTP) 3 is a proteinaceous pore, the
opening of which is triggered by Ca 2⫹, P i, and oxidative
stress and inhibited by cyclosporin A (CsA), bongkrekic
acid (BA), EGTA, adenine nucleotides, and Mg 2⫹ (2, 3).
The opening of the PTP, resulting in swelling and
ultimate rupture of the outer membrane, is a common
explanation for the redistribution of proapoptotic proteins such as cytochrome c and apoptosis inducing factor (AIF) from the mitochondria to the cytoplasm (4 –7).
Disruption of mitochondrial functional integrity can
alternatively lead to a necrotic cell death in cells
heavily dependent on mitochondria for ATP production.
A novel permeability transition initiated by mitochondrial precursor targeting peptides has recently
been characterized (8, 9). Specifically, short, positively
charged, amphipathic signal peptides that normally
target yeast cytochrome c oxidase subunit IV to the
mitochondrial inner membrane have been shown to
induce membrane potential depolarization and swelling in isolated liver mitochondria. Furthermore, the
inner membrane pore that is opened in response to
signal peptides has a size and pharmacological sensi3
Abbreviations used: PTP, permeability transition pore; CsA, cyclosporin A; BA, bongkrekic acid; AIF, apoptosis inducing factor;
MCC, multiple conductance channel; hCOXIV 1-22, human cytochrome
oxidase subunit IV signal peptide; TPP ⫹, tetraphenylphosphonium;
TBS-T, Tris-buffered saline containing 0.05% Tween 20; BSA, bovine
serum albumin; TIM, translocase of the inner membrane; Alm, alamethicin; PVDF, polyvinylidene difluoride.
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tivity that can be clearly distinguished from both the
classical PTP and the CsA-insensitive mastoparan-induced pore characterized by Sokolove and Kinnally (8)
and Pfeiffer and co-workers (10).
The multiple conductance channel (MCC) is an inner
mitochondrial membrane channel that has been characterized electrophysiologically (11). Previous evidence
has linked the yeast MCC to mitochondrial protein
import machinery (12). Signal peptide induced permeability changes can be blocked by compounds that inhibit both protein import (13) and the MCC (8, 9, 14).
This finding, together with the observation that signal
peptides modulate the conductance state of the yeast
(9, 15) and mammalian MCC (9), strongly suggests
that mitochondrial import proteins are involved in the
formation of this novel pore. The question of whether
cytochrome c release occurs following the induction of
this pore, however, has yet to be addressed.
Signal peptide-induced permeability changes have
previously been examined in isolated liver, yeast, and
potato tuber mitochondria under conditions that bear
little resemblance to those present in cells (8, 9, 16 –
20). The classical, Ca 2⫹-induced permeability transition pore exhibits relatively little activity in mitochondria isolated from brain tissue compared to liver mitochondria (21, 22) and its activation is inhibited by the
presence of normal cytosolic components, such as Mg 2⫹
and adenine nucleotides (23). Nevertheless, Ca 2⫹ does
induce cytochrome c release from brain mitochondria
under these conditions by a cyclosporin A-insensitive
mechanism. The lack of information on mitochondrial
permeability changes induced by signal peptide in the
presence of K ⫹, adenine nucleotides, and Mg 2⫹ and the
differences in the Ca 2⫹-triggered permeability transition activity in brain and liver mitochondria merit a
further consideration of signal peptide effects on mitochondrial permeability. The present study tested the
following hypotheses: (1) Human signal peptide induces mitochondrial permeability changes in vitro
even in the presence of physiological concentrations of
Mg 2⫹ and ATP that effectively suppress the Ca 2⫹-activated PTP activity. (2) These changes in the permeability of the mitochondrial inner membrane cause osmotic
swelling sufficient to elicit outer membrane disruption
and release of cytochrome c. (3) The extent of signal
peptide-induced permeability changes and cytochrome
c release differ between liver and brain mitochondria.
EXPERIMENTAL PROCEDURES
Materials. Rat brain mitochondria were isolated according to the
procedure of Rosenthal et al. (24). In contrast to the most commonly
used procedures for brain tissue that yield primarily nonsynaptosomal mitochondria, this procedure yields a combination of both nonsynaptosomal and synaptosomal mitochondria. Rat liver mitochondria were isolated by standard differential centrifugation as previously described (25). Signal and control peptides were synthesized by
the Wadsworth Center Biochemistry and Peptide Synthesis Core

using an Applied Biosystem 431A automated peptide synthesizer as
previously described (15). The peptides studied were the targeting
sequence, 1MLATRVFSLVGKRAISTSVCVR 22, of human cytochrome
oxidase subunit IV (hCOXIV 1-22) and an artificial sequence,
MLSRQQSQRQSRQQSQRQSR (SynB2), with low amphiphilicity
and lacking targeting function (26). Peptides were prepared as dilute
(0.75–2.0 mM) stocks in distilled water. Dextran T-10 (MW 10,000)
was obtained from Amersham Pharmacia Biotech, tetraphenylphosphonium chloride from Aldrich, and bongkrekic acid from Calbiochem. Cyclosporin A (OL 27-400) was the generous gift of Sandoz
Research Institute (East Hanover, NJ). Other chemicals were from
Sigma Chemical Company, and all reagents were of the highest
grade available.
Measurement of mitochondrial swelling and membrane potential
as indicators of permeability transition. Assays were carried out at
30°C in a basic assay reagent containing 125 mM KCl, 2 mM P i, and
20 mM Hepes–KOH, pH 7.0 (KCl media), or in a mannitol/sucrosebased medium containing 210 mM mannitol, 70 mM sucrose, 3 mM
P i, and 10 mM Hepes–KOH, pH 7.4 (mannitol–sucrose media).
Where indicated, the assay reagents were supplemented with 4 mM
MgCl 2 and 3 mM ATP. In some experiments, 250 M EGTA and/or
20% Dextran T-10 (w/w in KCl media) were also included. In experiments determining the dose dependence of signal peptide effects or
the influence of permeability transition pore inhibitors, mitochondria (0.4 mg/ml) were incubated for 3.5 min in the presence of 1 M
rotenone and then energized with 5 mM succinate. Peptide was
added at 5.5 or 6.5 min. In all other experiments mitochondria were
incubated in the presence of 1 M rotenone and 5 mM succinate for
3 min at which time peptide or vehicle control was added. Test
inhibitor compounds were added to the assay reagents prior to the
mitochondria.
For most experiments, mitochondrial swelling and membrane potential were measured simultaneously in a custom-constructed 2-ml
measuring chamber. Membrane potential (⌬⌿) was indicated by
redistribution of tetraphenylphosphonium (TPP ⫹, 2 M), which was
measured with a TPP ⫹-selective electrode (27). Mitochondrial swelling was monitored by following a decrease in absorbance at 660 nm
of the mitochondrial suspension by means of a light-emitting diode
and photodetector. The amphipathic cations dibucaine and propranolol were found to interfere with TPP ⫹ electrode measurements of
membrane potential. When these compounds were used, membrane
potential was monitored with an LS-3 fluorescence spectrometer
(Perkin–Elmer) by measuring fluorescent changes due to the extent
of mitochondrial sequestration of the fluorescent cationic dye safranine-O (5 M, excitation at 485 nm, emission at 586 nm) (28, 29).
Swelling was measured independently in the custom-constructed
2-ml measuring chamber as described above.
Determination of cytochrome c and adenylate kinase release. Cytochrome c and adenylate kinase loss was determined for mitochondria incubated under the conditions described above. Alamethicin
treatment was used as a positive control representing maximum
release (30). At 3 or 4 min following the addition of peptide or vehicle
control, the mitochondria (1 ml of suspension) were pelleted by
centrifugation at 13,000g for 2.5 min and the supernatant and pellet
were assayed for the presence of cytochrome c by immunoblot and for
adenylate kinase activity by a modification of the procedure described by Schmidt et al. (31). Because of increased viscosity, mitochondria were pelleted at 21,000g for 10 min in experiments when
dextran was used. Following centrifugation, a 0.75-ml aliquot of
supernatant was carefully removed, supplemented with 15 l of
Protease Inhibitor Cocktail (Sigma), and stored at ⫺70°C. Pellets
were frozen at ⫺70°C and resuspended in a 130 mM KCl, 6 mM
MgSO 4, 100 mM Tris/HCl buffer (pH 7.5) containing 1% Triton-X
supplemented with 15 l of Protease Inhibitor Cocktail at the time
assays were conducted.
For cytochrome c immunoblots, equal aliquots of supernatant samples or 1:5 dilutions of pellet samples were run on 4 –12% Bis–Tris
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gels (Novex) at 200 V for 35 min. For experiments involving dextran,
the amount of dextran in all supernatants was normalized just prior
to loading to control for possible effects of dextran on electrophoresis
or protein transfer. In control experiments, 20% Dextran T-10 had no
affect on the electrophoresis or transfer of 4-ng cytochrome c standards. Proteins were electrotransferred to PVDF membranes at 25 V
for 1 h; the membranes were rinsed with Tris-buffered saline containing 0.05% Tween 20 (TBS-T) and blocked for 1 h in TBS-T
supplemented with 1.5% BSA and 1.5% dry milk. Cytochrome c was
immunostained with primary 7H8 mouse anti-cytochrome c antibody
(PharMingen, 1:2000 dilution) plus secondary anti-mouse IgG conjugated to horseradish peroxidase (Amersham, 1:4000 dilution). Peroxidase activity was detected using the Enhanced Chemiluminescence detection kit (Amersham) and X-ray film. Band intensities
were analyzed densitometrically using the GelExpert system (NucleoTech).
The presence of adenylate kinase was detected in supernatant and
pellet samples (100-l aliquots for liver, 200-l aliquots for brain) by
measuring enzyme activity using a DU 7500 spectrophotometer
(Beckman–Coulter) at 37°C in a 1.2 ml reaction buffer composed of
130 mM KCl, 6 mM MgSO 4, 100 mM Tris/HCl, pH 7.5, 4 l of 0.1 M
NADH, 2 l of 250 mM ATP, 10 l of 50 mM phosphoenolpyruvate,
2.5 l of 2 mM rotenone, 5 l of 1.5 mM oligomycin, and 10 l of a
mixture of pyruvate kinase (1000 U/ml) and lactate dehydrogenase
(200 U/ml). Triton-X was added to the reaction mixture when assaying supernatant activity to control for the presence of Triton-X used
in the resuspension of pellets. The reaction was initiated by the
addition of 5 l of 0.15 AMP and followed by monitoring a decrease
in absorbance at 366 nm that reflects a decrease in the concentration
of NADH (31). Linear reaction rates were determined over a 1-min
time interval subsequent to AMP addition. For brain mitochondrial
samples, an adenylate kinase-independent rate of decrease in absorbance was determined prior to AMP addition and subtracted from
the measured rate of enzyme activity. Adenylate kinase-independent
decreases in absorbance were negligible in liver mitochondrial samples compared to the enzymatic rates measured. Adenylate kinase
release was expressed as activity measured in the supernatant as a
percentage of total activity measured in the supernatant plus pellet.
Statistical analysis. A one-way analysis of variance with a
Tukey’s post-hoc test was utilized to determine statistical differences
in adenylate kinase release among groups (n ⫽ 3 determinations).
P ⬍ 0.05 was considered significant.

RESULTS

Dose dependence of signal peptide-induced permeability changes and cytochrome c release. Permeability changes induced by mitochondrial precursor targeting peptides have been reported in isolated rat liver
mitochondria suspended in a mannitol–sucrose assay
medium (8, 9, 20, 32). However, it has also been reported that increasing the K ⫹ ion content in the assay
medium inhibited signal peptide-induced swelling and
that adenine nucleotides and magnesium ions at concentrations believed to be in the physiological range
produced a similar inhibition of signal peptide effects
(8). The high cytoplasmic concentration of potassium
ions bathing mitochondria within cells as well as the
presence of adenine nucleotides and Mg 2⫹ raised the
question of whether permeability changes initiated by
signal peptides can occur under these conditions.
The human precursor targeting peptide for cytochrome oxidase subunit IV is substantially different in
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FIG. 1. Signal peptide hCOXIV 1-22 induces inner membrane depolarization (upper panel) and swelling (lower panel) in liver and brain
mitochondria suspended in KCl assay medium supplemented with
ATP and Mg 2⫹. Mitochondria were incubated at 0.4 mg/ml (protein/
ml) in KCl media (see Materials and Methods) supplemented with 4
mM MgCl 2, 3 mM ATP, 1 M rotenone, and 2 M TPP ⫹. Arrows
indicate timing of addition of mitochondria (Mito), succinate (S),
signal peptide (P), and alamethicin (Alm). In all figures, membrane
potential is designated by ⌬⌿. Peptide concentration (M) is specified adjacent to each trace. Sixty micrograms of almethicin/ml was
used to obtain maximal swelling for both brain and liver mitochondria. Other details were as described under Experimental Procedures. Note: The response of the TPP ⫹ electrode to peptide was
negligible under these experimental conditions.

sequence from other signal peptides that have been
previously tested. Initially the hypothesis that, like
yeast COXIV 1-22, human COXIV 1-22 would increase the
permeability of the inner mitochondrial membrane in a
mannitol–sucrose-based assay reagent was confirmed.
A decrease in light scattering and a decrease in accumulated TPP ⫹ by liver mitochondria in response to
hCOXIV 1-22 indicated an increase in mitochondrial volume and a decrease in mitochondrial membrane potential, respectively (data not shown). Figure 1 shows that
unlike yeast COXIV 1-22, which produced little swelling
of liver mitochondria at KCl concentrations above 40
mM (8), hCOXIV 1-22 was able to completely depolarize
liver mitochondria and induce near-maximal swelling
in KCl media supplemented with ATP and Mg 2⫹. Although approximately twofold higher concentrations of
peptide were necessary to induce a permeability increase in the presence of normal cytosolic components
than were required in mannitol–sucrose assay media,
permeability changes could nevertheless be observed.
A KCl-based medium supplemented with ATP and
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Mg 2⫹ was therefore used throughout the remainder of
the study to examine signal peptide effects. The depolarization and swelling induced by the nonselective
pore-forming peptide alamethicin (33, 34) were considered maximal and used as a positive control.
Previously, signal peptide-induced permeability
changes have primarily been examined in isolated liver
mitochondria. It has been shown, however, that cytochrome c release induced by calcium occurs by different
mechanisms in liver versus brain mitochondria (30).
Specifically, although brain and liver mitochondria
swelled to a similar extent and released all of their
cytochrome c when treated with alamethicin, brain
mitochondria, unlike liver mitochondria, released cytochrome c without swelling in response to calcium.
Additionally, nearly threefold less cytochrome c was
released from brain mitochondria than from liver mitochondria, further indicating a difference in the Ca 2⫹induced permeabilization of the two types of mitochondria. The ability of hCOXIV 1-22 to affect mitochondrial
membrane permeability in brain mitochondria was
therefore examined. In the experiments depicted in
Fig. 1, isolated rat brain mitochondria were treated
with increasing concentrations of hCOXIV 1-22 and
changes in mitochondrial volume and membrane potential were monitored. Similar to findings with liver
mitochondria, swelling and membrane potential depolarization were observed in brain mitochondria treated
with signal peptide. A concentration of hCOXIV 1-22 that
was twice as great as that needed in liver mitochondria
was necessary to induce swelling and a decrease in ⌬⌿
in brain mitochondria. Furthermore, the maximum extent of swelling that could be observed in brain mitochondria as induced by alamethicin was less than half
that which could be observed in liver mitochondria (see
Discussion).
Cytochrome c release is an important step in the
initiation of the apoptotic cascade (35, 36) and has been
shown to occur following the opening of the classical,
Ca 2⫹-triggered permeability transition pore (6, 37–39).
It was therefore determined whether cytochrome c release accompanied the signal peptide-induced permeability transition and whether release differed between
brain and liver mitochondria. Following treatment of
isolated mitochondria with hCOXIV 1-22, the mitochondrial suspension was centrifuged and cytochrome c was
assayed in the supernatant by immunoblotting. The
data in Fig. 2 show that cytochrome c is released from
both liver and brain mitochondria by signal peptide in
a dose-dependent manner that was related to the extent of swelling and membrane potential depolarization. Additionally, the maximum amount of cytochrome c that could be released by hCOXIV 1-22 was
comparable to that released by alamethicin.

FIG. 2. Signal peptide induces the release of cytochrome c from
isolated liver and brain mitochondria. Mitochondria (0.4 mg/ml)
were incubated for 3.5 min in KCl media supplemented with 4 mM
MgCl 2, 3 mM ATP, 1 M rotenone, and 2 M TPP ⫹ and then energized with 5 mM succinate. Signal peptide, Alm (60 g Alm/ml), or
vehicle control was added at 6.5 min. Mitochondrial suspension (1
ml) was centrifuged after 9.5 to 10.5 min total incubation time and
cytochrome c was detected in the supernatant by immunoblot as
described under Experimental Procedures. n.d., not determined.

Signal peptide-induced permeability changes and cytochrome c release are not permeability transition pore
dependent. Previous measurements of signal peptideinduced permeability changes in liver mitochondria
that were performed in mannitol–sucrose media do not
appear consistent with a mechanism involving PTP
opening (8, 20, 32). Inhibition by the cyclophilin-binding protein cyclosporin A and the requirement of Ca 2⫹
for induction are the two characteristics typically used
to define the classical permeability transition pore (40).
The responses of brain mitochondria to hCOXIV 1-22
were therefore examined in the presence of EGTA and
CsA to determine whether permeability changes and
cytochrome c release could still be initiated under conditions in which permeability transition pore activity is
suppressed. As shown in Fig. 3, a combination of CsA
and Ca 2⫹ chelation only slightly inhibited membrane
depolarization and swelling and had no effect on the
release of cytochrome c. Bongkrekic acid binds directly
to the adenine nucleotide translocase and locks it in a
comformation that is unfavorable to PTP opening. Like
CsA, bongkrekic acid (5 M) did not prevent the signal
peptide (60 M) from decreasing ⌬⌿ or releasing cytochrome c (data not shown).
Signal peptide-induced permeability changes and cytochrome c release are largely prevented by inhibitors of
protein import. It has been previously suggested that
signal peptide-induced permeability changes could reflect an inherent pore-forming ability (41) or a capacity
to nonspecifically disrupt lipid bilayers (17, 18). Strong
evidence has since been provided linking the peptideinduced permeability increase to an interaction with
the multiple conductance channel (9) which is thought
to coincide with the protein import machinery of the
inner mitochondrial membrane (12). Dissipation of the
mitochondrial electrochemical gradient across the inner membrane by respiratory uncoupling has been re-
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FIG. 3. PTP inhibitors do not block signal peptide-induced membrane potential depolarization, swelling, or cytochrome c release.
Measurements of membrane potential are depicted in A, measurements of swelling are depicted in B, and measurements of cytochrome c
release are depicted in C. Brain mitochondria were incubated as described in the legend to Fig. 1. EGTA (250 M) and 1 M cyclosporin A
(CsA) were added prior to the addition of mitochondria. Signal peptide (60 M), alamethicin (60 g Alm/ml), or vehicle control was added at
6.5 min. Mitochondrial suspension (1 ml) was centrifuged after 10.5 min of total incubation time and cytochrome c was detected in the
supernatant by immunoblot as described under Experimental Procedures. Here and in subsequent figures, -P denotes vehicle control. All
other details are as described in the legend to Fig. 1.

ported to block mitochondrial protein import (17, 42,
43) and to also prevent swelling stimulated by yeast
COXIV 1-22 treatment (8, 9). The data in Fig. 4 demonstrate that, in addition to completely preventing signal
peptide-induced swelling in brain mitochondria, the
protonophore uncoupler FCCP was also able to completely inhibit the release of cytochrome c. The requirement of ⌬⌿ for hCOXIV 1-22-stimulated cytochrome c
release argues against nonspecific membrane destabilization as the mechanism of signal peptide activity
and implicates the mitochondrial protein import apparatus as a possible target for the peptide’s action. Im-

FIG. 4. Swelling and cytochrome c release are not observed in
uncoupled mitochondria in the presence of signal peptide or in coupled mitochondria in the presence of an artificial peptide that cannot
mediate protein import. Measurements of swelling are displayed in
A and measurements of cytochrome c release are shown in B. Brain
mitochondria (0.4 mg/ml) were incubated in KCl medium supplemented with 4 mM MgCl 2, 3 mM ATP, 250 M EGTA, 1 M rotenone, 5 mM succinate, and 2 M TPP ⫹ for 3 min at which time 60 M
signal peptide, 60 M SynB2, 80 g Alm/ml, or vehicle control was
added. Where indicated, 1 M FCCP was added prior to the addition
of mitochondria. Cytochrome c release was detected by immunoblot
as described under Experimental Procedures. The arrow indicates
the timing of signal peptide (P), SynB2, or alamethicin (Alm) addition.

portantly, SynB2, an artificial peptide of similar length
and charge that is unable to mediate mitochondrial
protein import (26) or swelling in liver mitochondria
(9), was also unable to induce swelling of brain mitochondria or stimulate the efflux of cytochrome c
(Fig. 4).
The amphiphilic cations dibucaine and propranolol
have been shown to inhibit protein import (13), block
the conductance through the multiple conductance
channel (14), and block yeast COXIV 1-22-initiated swelling and dissipation of the transmembrane potential in
liver mitochondria (8). To further investigate the involvement of mitochondrial import machinery in the
novel signal peptide-induced permeability transition
and cytochrome c release, the ability of these two protein import inhibitors to affect hCOXIV 1-22-mediated
changes was examined in brain mitochondria. At concentrations that have been reported to completely inhibit protein import (13) but that do not cause uncoupling under the conditions employed in this study,
dibucaine and propranolol largely inhibited signal peptide-stimulated swelling, membrane potential depolarization, and cytochrome c release (Fig. 5). No swelling
or cytochrome c release was observed with the addition
of dibucaine or propranolol in the absence of signal
peptide (data not shown).
Mitochondrial swelling is a requirement for cytochrome c release by signal peptide. The release of
cytochrome c following the classical permeability transition has been attributed to the rupturing of the relatively inflexible outer membrane subsequent to the
expansion of the matrix space bordered by the highly
invaginated inner membrane (6, 37–39). However, under some conditions and in certain cell types, both Ca 2⫹
and the proapoptotic proteins Bax and tBid are capable
of releasing cytochrome c in the absence of swelling (23,
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FIG. 5. Inhibitors of protein import reduce signal peptide-induced membrane potential depolarization (A), swelling (B), and cytochrome c
release (C). Brain mitochondria were incubated under the conditions described in the legend to Fig. 4. In B and C, 5 M safranine-O replaced
2 M TPP ⫹ in the incubation medium. Where indicated, 500 M dibucaine or 500 M propranolol was added prior to the addition of
mitochondria. The arrow indicates the timing of 60 M signal peptide (P) addition. Cytochrome c release was detected by immunoblot as
described under Experimental Procedures.

44 – 47). Thus, it is possible that mitochondrial signal
peptides can release cytochrome c by a mechanism
independent of their ability to cause mitochondrial
swelling. Low-molecular-weight dextran (MW 10,000)
in the assay medium prevented both liver and brain
mitochondria from swelling in the presence of signal
peptide even though substantial collapse of ⌬⌿ was
still observed (Fig. 6). It was therefore possible to address the question of whether swelling is required for
the hCOXIV 1-22-invoked release of cytochrome c. As
shown in Fig. 6, the inhibition of swelling by dextran
eliminated the release of cytochrome c, suggesting that
swelling is essential to the mechanism of signal peptide-evoked cytochrome c efflux.
The release of cytochrome c by signal peptide is not
selective. Adenylate kinase is a 25.2-kDa enzyme residing in the intermembrane space, the activity of
which can be measured spectrophotometrically (31,
48). The release of adenylate kinase has commonly
been used as a measure of outer membrane integrity
(48 –51). To determine whether hCOXIV 1-22 releases
cytochrome c from the intermembrane space selectively, adenylate kinase activity was assayed in the
supernatant and the pellet following centrifugation of
liver and brain mitochondrial suspensions treated with
signal peptide. The percentage of total adenylate kinase activity present in the supernatant following signal peptide treatment was significantly greater than
that in the control for both liver and brain mitochondria (Table I, P ⬍ 0.05). By contrast, the large amount
of adenylate kinase released by alamethicin was not
significantly different from that released by
hCOXIV 1-22. The observation that the elimination of
swelling prevented the loss of mitochondrial cytochrome c and the finding that the much larger protein
adenylate kinase was coreleased with cytochrome c
together suggest that the release of cytochrome c by
signal peptide occurred by swelling-induced outer
membrane rupture.

FIG. 6. Signal peptide-induced swelling and cytochrome c release
in liver and brain mitochondria are suppressed by 10,000 MW dextran without an elimination of membrane potential or hCOXIV 1-22induced depolarization. Measurements of membrane potential (upper panel) and swelling (lower panel) are shown in A and measurements of cytochrome c release are depicted in B. Mitochondria (0.4
mg/ml) were incubated as described in the legend to Fig. 4; arrows
denote the addition of 56 M signal peptide (P), 80 g Alm/ml (Alm),
or vehicle control (-P). Where indicated, 20% Dextran T-10 was also
present (0.2 g/ml). Cytochrome c release was detected by immunoblot
as described under Experimental Procedures.

SIGNAL PEPTIDE INDUCES CYTOCHROME c EFFLUX
TABLE I

Percentage Adenylate Kinase Release by hCOXIV 1-22 a
Treatment

Liver mitochondria

Brain mitochondria

Control
hCOXIV 1-22
Alamethicin

12.6 ⫾ 5.2
90.0 ⫾ 0.5
86.2 ⫾ 0.5

25.3 ⫾ 7.7
63.3 ⫾ 5.7
67.5 ⫾ 4.0

a
Adenylate kinase release is expressed as a percentage of total
activity. Results are displayed as means ⫾ standard errors for three
independent experiments. Mitochondria were treated with 60 M
hCOXIV 1-22, 80 g alamethicin/ml, or vehicle control.

DISCUSSION

Evidence points to a central role for the mitochondrial permeability transition in necrotic and apoptotic
cell death (1, 52), although the importance of this
mechanism of mitochondrial dysfunction appears to
vary between injury models and between cell types (30,
53, 54). Recent evidence also indicates that mitochondrial permeability transitions occur under physiological conditions in response to normal intracellular signal transduction (28, 55). Identification of the factors
and conditions that can induce and regulate mitochondrial permeability transitions is therefore potentially
quite important.
The current study expanded on previous observations using a yeast mitochondrial targeting peptide to
induce a permeability transition in isolated liver mitochondria. The present results demonstrate that a cyclosporin A-insensitive permeability transition can occur in liver mitochondria in response to a human mitochondrial targeting peptide in the presence of
physiological concentrations of K ⫹, Mg 2⫹, and ATP. In
addition, the present study demonstrates that the mitochondrial swelling accompanying the permeability
transition is sufficiently great to rupture the mitochondrial outer membrane and release both cytochrome c
and adenylate kinase. Brain mitochondria have previously been shown to be relatively resistant to the classical Ca 2⫹-induced permeability transition (22, 23, 30,
56, 57). This study shows for the first time that brain
mitochondria are quite sensitive to the permeability
transition induced by mitochondrial signal peptides,
although the extent of swelling measured by light scattering is somewhat less than that observed with liver
mitochondria at the same level of mitochondrial protein. The observation that swelling is responsible for
release of intermembrane proteins like cytochrome c
from brain as well as liver mitochondria in response to
a targeting peptide is significant because Ca 2⫹-induced
cytochrome c release from brain mitochondria has been
shown to be independent of swelling under the conditions used in the present study (23, 30).
Following the observation that a signal peptide releases cytochrome c in the presence of normal cytosolic
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components, it was important to verify that the phenomenon was truly distinct from the classical permeability transition. The ability of CsA to inhibit the PTP
has been shown to be dependent on its interaction with
the matrix protein cyclophilin D (58, 59) and, under
some conditions, CsA has been shown to be ineffective
in preventing PTP opening (60). The adenine nucleotide translocase is believed to be a central component of
the permeability transition pore (61– 63). In this study,
it was found that in addition to CsA and EGTA,
bongkrekic acid, a direct ligand of the adenine nucleotide translocase, was also unable to prevent
hCOXIV 1-22-induced permeability transition and cytochrome c release. Previous work has indicated that
matrix Ca 2⫹, a requirement for PTP induction, is actually able to inhibit swelling induced by the yeast cytochrome oxidase VI targeting peptide (32). Altogether,
these findings argue strongly against PTP induction as
a mechanism to explain the signal peptide-mediated
mitochondrial effects that have been observed.
In the past it has been argued that mitochondrial
targeting peptides uncouple mitochondria and release
adenylate kinase through direct and nonspecific outer
and inner membrane disruption (18). Several lines of
evidence presented here strongly suggest that the signal peptide-induced outer membrane permeabilization
and the accompanying release of cytochrome c and
adenylate kinase do not result from direct nonspecific
lysis of the outer membrane. First, the artificial peptide SynB2, which resembles hCOXIV 1-22 in length and
charge but cannot target proteins for mitochondrial
import, failed to initiate mitochondrial swelling, membrane potential dissipation, or the release of cytochrome c (Fig. 4 and data not shown). Second,
hCOXIV 1-22 was not able to induce a permeability transition or mediate cytochrome c release in uncoupled
mitochondria (Fig. 4) or in the presence of protein
import inhibitors (Fig. 5). FCCP dissipates the mitochondrial electrical potential across the inner membrane and dibucaine and propranolol have been proposed to block mitochondrial protein import at the level
of the inner membrane. It is unlikely that these compounds that have been proposed to act on the inner
membrane all inhibit hCOXIV 1-22-induced outer membrane permeabilization by preventing the direct disruption of the outer membrane bilayer by signal peptide. Third, it was found that the inhibition of swelling
by 10,000 MW dextran blocked the release of cytochrome c even though inner membrane permeabilization, as evidenced by a drop in electrical potential, still
occurred (Fig. 6). The requirement of swelling for the
release of intermembrane proteins indicates that an
interaction of signal peptides with mitochondrial membranes is in itself insufficient to permeabilize the outer
membrane to these proteins. Notably, it has been found
that yeast signal peptides are incapable of channel
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formation in planar lipid bilayers (64), supporting the
hypothesis that signal peptides increase the permeability of the inner membrane through activation of a
preexisting conductance pathway rather than via a
direct interaction with membrane lipids.
Several studies have suggested that a multisubunit
inner membrane channel involved in protein import
underlies the conductance pathway activated by mitochondrial signal peptides (8, 9, 20). Previously, it has
been reported that a strong correlation exists between
the ability of yeast signal peptides to induce swelling of
rat liver mitochondria and their capacity to modulate
the conductance of the MCC in mouse liver mitoplasts
(9). Additionally, signal peptides were incapable of regulating the activity of the multiple conductance channel of yeast mutants with a defective Tim23p protein
(12). Tim23p is a reported component of the inner
membrane protein translocation complex (65). Pavlov
and Glaser (13) have recently demonstrated that dibucaine, propranolol, and trifluoperazine are able to inhibit mitochondrial protein import at the level of the
inner mitochondrial membrane. These compounds, as
well as FCCP, have also been found to block the swelling of liver mitochondria in response to yeast signal
peptides. Finally, propranolol and dibucaine block the
conductance through the multiple conductance channel (14). Together, these findings raised the possibility
that the ability of signal peptide to induce permeability
changes and cytochrome c release is dependent on an
interaction with the translocase of the inner membrane
(TIM). The observation that maximal effects of the
signal peptide on mitochondrial membrane potential,
swelling, and cytochrome c release were obtained at
150 –300 nmol mg ⫺1 protein presents the possibility
that TIM may become “clogged” with peptides and
forced to remain open in a state of high conductance.
The human COXIV 1-22-induced permeability transition, unlike yeast COXIV 1-22-induced permeability
changes (8), was found to occur in the presence of
normal cytosolic components. As the bioenergetic effects of the yeast signal peptide have been shown to be
inhibited by FCCP, dibucaine, and propranolol, we
tested their influence on the effects of the human signal peptide on mitochondria incubated in the presence
of physiological concentrations of K ⫹, Mg 2⫹, and ATP.
Both dibucaine and propranolol substantially inhibited
signal peptide-induced mitochondrial depolarization
and cytochrome c release (Fig. 5). Depolarization of
mitochondria by the preaddition of the protonophore
uncoupler FCCP similarly inhibited the swelling and
the cytochrome c release in response to hCOXIV 1-22
(Fig. 4). The finding that hCOXIV 1-22 and previously
characterized yeast signal peptides are able to initiate
permeability changes with a similar pharmacological
sensitivity suggests that the peptides act through a
common pathway. Our evidence lends additional sup-

port to the hypothesis that signal peptides elicit mitochondrial membrane permeability changes through an
interaction with the inner membrane protein import
machinery.
Kroemer, Skulachev, and others have proposed that
cytochrome c is released by free diffusion following
matrix swelling and outer mitochondrial membrane
rupture subsequent to PTP opening (5, 6, 37–39, 66).
Recently, the hypothesis that cytochrome c release may
occur via selective channels in the outer membrane has
also emerged (23, 44 – 47, 67– 69). The corelease of the
much larger protein adenylate kinase accompanying
cytochrome c efflux in response to various apoptotic
stimuli has been used to promote the hypothesis favoring membrane disruption over the involvement of specific transport channels (70, 71).
Here it was demonstrated that hCOXIV 1-22 was able
to stimulate adenylate kinase release from both liver
and brain mitochondria (Table I), suggesting that outer
mitochondrial membrane integrity had been compromised. However, one recent study has described cytochrome c and adenylate kinase release in the absence
of swelling (48), raising the possibility that outer membrane breakage resulting from signal peptide-induced
swelling was not, in fact, the mechanism of the cytochrome c and adenylate kinase efflux that was observed. Macromolecules such as dextran have been
found to inhibit mitochondrial swelling by exerting
oncotic pressure (72–74). Therefore, to determine
whether swelling was truly crucial to the release of
intermembrane proteins by hCOXIV 1-22, the ability of
the signal peptide to invoke the release of cytochrome c
in the absence of swelling was examined. Although
liver and brain mitochondria incubated in the presence
of dextran maintained membrane potential and mitochondrial cytochrome c localization, and respired normally under control conditions (Fig. 6 and unpublished
observations), no swelling was exhibited following
treatment with human signal peptide. Under these
conditions, the release of cytochrome c was inhibited.
Although alternative explanations are possible, such
as direct effects of dextran on inner– outer membrane
contact sites (see (75, 76)), the observation that adenylate kinase is released by hCOXIV 1-22 combined with
the finding that release of cytochrome c does not occur
in the absence of swelling suggests that the release of
cytochrome c in this system is, in fact, due to swellinginduced outer membrane breakage. However, considering the relatively subtle changes in light scattering
for brain mitochondria (Fig. 1) and previous observations that these mitochondria can release cytochrome c
in response to Ca 2⫹ by a swelling-independent mechanism (23, 30), a minor contribution of an outer membrane pore mechanism to signal peptide-induced cytochrome c release from brain mitochondria cannot be
excluded.

SIGNAL PEPTIDE INDUCES CYTOCHROME c EFFLUX

In conclusion, the results of this study demonstrate
that a mitochondrial precursor targeting peptide can
induce a novel, cyclosporin A-insensitive permeability
transition in the presence of physiological concentrations of K ⫹, Mg 2⫹, and ATP. This transition occurs in
both liver and brain mitochondria and the swelling
associated with the transition is sufficient to cause
disruption of the outer membrane and release of intermembrane proteins, including cytochrome c. Further
investigations are necessary to determine the relevance of these phenomena observed with signal peptides to mechanisms of mitochondrial– cytosolic protein
redistribution during apoptosis and to the mechanism
of mitochondrial protein import. The finding that a
human signal peptide can disrupt outer mitochondrial
membrane integrity and release cytochrome c may also
have important implications for studies using mitochondrial signal sequences for the targeting of molecules and drugs to mitochondria (77, 78).
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