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Abstract The permeability transition pore (PT-pore) is
a multi-component protein aggregate in mitochondria that
comprises factors in the inner as well as in the outer mito-
chondrial membrane. This complex has two functions: firstly,
it regulates the integration of oxidative phosphorylation into
the cellular energy household and secondly, it induces cell
death when converted into an unspecific channel. The latter
causes a collapse of the mitochondrial membrane potential
and activates a chain of events that culminate in the demise
of the cell. It has been controversial for some time whether
the PT-pore is causative for or only amplifies a signal of cell
death but novel results confirm a central role of this pro-
tein complex for cell death induction. While a considerable
body of data exist on its subunit composition, recent genetic
knock-out experiments suggest that the identity of the core
factors of the PT-pore is still unresolved. Moreover, accumu-
lating evidence point to a much more complex composition
of this protein complex than anticipated. Here, we review
the current knowledge of its subunit composition, the evi-
dence of a role in cell death, and we propose a model for the
activation of the PT-pore for cell death.
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The role of the PT-pore in apoptosis

The permeability transition

The permeability transition (PT) is a sudden and sustained
increase of the permeability of the inner mitochondrial mem-
brane for solutes smaller than 1.5 kD. This has catastrophic
consequences for this organelle. The mitochondrial mem-
brane potential ��m, which relies on the im-permeability of
the inner membrane for protons, breaks down and with it the
ability of the cell to synthesize ATP. The ensuing blockade of
the respiratory chain leads to the generation of reactive oxy-
gen intermediates (ROIs), most likely via the direct transfer
of electrons to molecular oxygen. Also, the high concen-
tration of solutes in the mitochondrial matrix generates an
osmotic pressure, which drives the influx of water molecules
and the expansion of the extensively folded inner membrane
and eventually disrupts the outer membrane leading to the
release of factors that execute the suicide programme of
apoptosis. Thus, the self-destruction of mitochondria via
the PT is followed by the demise of the cell as a whole.
This process of mitochondrial destruction was first observed
in vitro but was dismissed at the time as an artefact because,
among other reasons, it was inconceivable why mitochon-
dria should dispose of a process to dismantle themselves.
This changed, however, when it was shown that the PT is
mediated by a protein complex, the so-called permeability
transition pore (PT-pore), and that various physiological and
pharmacological reagents can act on this pore and modify the
deadly response of mitochondria. Finally, the realisation that
cells can mount an active suicide response that is mediated
in large part by mitochondria placed the PT-pore firmly on
the map of researchers. In particular, the use of cyclosporine
A (CsA) that can inhibit the PT-pore subunit cyclophilin
D and also reduces cell death in many scenarios played

Springer



842 Apoptosis (2007) 12:841–855

a crucial role to establish the importance of the PT-pore
[1].

Evidence for a role of the PT-pore in apoptosis

The respiratory chain generates a proton gradient over the
inner mitochondrial membrane. This membrane potential
��m is the driving force for oxidative phosphorylation. The
original observation that implicated the PT-pore in apoptosis
was the discovery that many cell death signals lead to the
dissipation of ��m before other morphological signs can be
detected. This precedes, for example, the exposure of phos-
phatidylserine, major changes in cellular redox potentials
[2], and nuclear events in apoptosis such as the degradation
of genomic DNA [3]. In fact, the breakdown of this proton
gradient seems to be a better cell death predicator than the
activation of caspases, since these cystein proteases can be
activated without the subsequent demise of the cells provided
that ��m is kept intact [4, 5]. Also, in some models of apop-
tosis caspase or nuclease activation does not occur but ��m

dissipation is nevertheless observed [6, 7]. However, as a cau-
tionary note we have to stress that this does not suggest that in
each case the PT-pore is responsible for ��m dissipation as
it is possible that factors other than the PT-pore are involved
[8]. Moreover, some techniques used for the measurement
of ��m are complicated by problems such as toxicity of the
probes, concentration dependent quenching or inhibition of
the respiratory chain [9]. Nevertheless, there is now exten-
sive and solid evidence that the PT-pore is involved in many
scenarios of cell death. Importantly, a number of positive and
negative modulators of the PT-pore also regulate cell death.
The PT-pore ligands bongkrekic acid and the already men-
tioned CsA, for example, inhibit cell death, whereas atracty-
closide favours apoptosis. Moreover, the apoptosis regulators
of the Bcl-2 family also modulate the PT-pore. Bax can lead
to ��m dissipation in some cells that is CsA inhibitable
[10–12] and the anti-apoptotic Bcl-2 can prevent ��m

collapse in isolated mitochondria and apoptosis in intact
cells [13].

Hence, based on these results and many biochemical
in vitro studies [14] the prevailing theory stipulates that the
PT-pore is, upon suitable stimulation, converted into an un-
specific channel and leads to PT and the biochemical and
cellular consequences elaborated above. In this standard
model the PT-pore subunit adenine-nucleotide-translocator
(ANT) (see below) in the inner mitochondrial membrane
can adopt different conformations that are distinguished by
their propensity to be turned into an unspecific channel for
PT. The c-conformation of ANT, which is stabilised by the
compound atracyloside, is more prone to form the unspecific
pore, whereas the m-conformation, which is adopted upon
binding to bongkrekic acid, is refractory to form a channel.

The original and still most prominent inducers of the PT-
pore are oxidative stress and increased Ca2+ levels. Both
stimuli are generated by a wide variety of cell death signals
thereby providing a rational for the frequent involvement of
the PT-pore in cell death. Superoxide, for example, is formed
by Ca2+ dependent stimulation of substrate supply for the
respiratory chain and a lack of ADP (see Fig. 2). These ROIs
can further activate the PT-pore and establish a feed forward
amplification loop. Exactly how the stimuli, oxidative stress
and increased Ca2+, activate the PT-pore is not known. It has
been suggested that Ca2+ binds to the negatively charged
cardiolipin head in the inner membrane, which affects ANT
that is associated with this lipid [15]. This would facilitate the
conversion of ANT into a conformation that can be turned
into an unspecific channel. Other theories suggest a direct
binding of Ca2+ to ANT and the subsequent switch to an
unspecific channel [14]. Oxidative stress is also supposed
to act directly on ANT. Two thiol groups in cysteins are
implicated in redox reactions that, like Ca2+ binding, change
the conformation of the ANT transporter [14].

Evidence against the PT-pore in cell death and
modifications of the standard model

Despite all the data implicating the PT-pore in cell death,
a number of caveats have been raised against the PT-pore:
Some investigators failed to see a dependence on the PT-pore
for Bax- and Bid- induced apoptosis [16–19]. Also, in some
apoptosis scenarios Bax-induced release of cytochrome c
could not be inhibited by bongkrekic acid and or CsA [20].
Of note, while both Bax and t-Bid bind to cardiolipin in the
contact sites, they have different modes of action. t-Bid in-
corporates into the inner membrane causing a redistribution
of cytochrome c [21], and Bax releases cytochrome c directly
from its binding sites. Bax/Bak oligomerisation thus seems
to be in some cell death scenarios a more decisive step for
apoptosis induction than the activation of the PT-pore. Also,
the swelling of the inner mitochondrial membrane as pro-
posed in the standard model of PT-pore activation is not ob-
served in all scenarios of apoptosis [22]. Moreover, the per-
meabilisation of the inner membrane is sometimes seen later
during apoptosis induction, after the release of cytochrome
c and caspase activation, and was therefore suggested to be
a consequence rather than the cause of apoptosis induction
[23–26]. Hence, it had been proposed that the PT-pore only
serves as an amplifier of a cell death signal rather than the
cause of the demise of the cell.

Based on these criticisms a number of refinements and
alternatives to the standard model of PT-pore activation have
been brought forward. It was proposed, for example, that
PT-pore-dependent and -independent mechanisms for outer
membrane permeabilisation exist, possibly in a cell type- and
signal-specific manner. Nerve growth factor withdrawal
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in sympathic neurons, for example, causes cytochrome c
to be released from mitochondria in a Bax-dependent but
PT-independent fashion. This leads to the activation of
caspases, which impact on the PT-pore, cause PT and overt
cell death. If caspases are inhibited the cell is kept alive until
��m drops [27]. In fact, in many cases caspases can activate
the PT-pore [28, 29] and caspase inhibitors consistently
inhibit the dissipation of ��m [18, 26]. This indicates that,
while the PT-pore is downstream of cytochrome c release
and caspase activation in some experimental settings, the
PT still constitutes the point of no return [27].

Also, it has been suggested that the PT-pore temporarily
opens (“flickers”) leading to only a transient ��m collapse
[30]. However, this suffices to render the outer membrane
permeable for apoptosis factors. Elegant experiments, for
example, showed that an increase in mitochondrial Ca2+ can
induce further Ca2+ release [31] (which is suppressed by
ADP provided by mitochondrial kinases [32], see Fig. 2).
Hence, high Ca2+ or a combination of other signals might
act on the PT-pore and lead to a transient collapse of ��m,
cytochrome c release, a resealing of the inner membrane,
and a restoration of ��m. While the cells finally undergo
apoptosis, this could explain why no overt collapse of ��m

is seen in many instances of apoptosis.
Alternatively, the small perturbation caused by a tran-

sient opening of the PT-pore can result in the activation of
stress signalling pathways such as the activation of Bax [33],
which ultimately causes outer membrane disruption and cy-
tochrome c release. Hence, the complete loss of the mito-
chondrial membrane potential could only be the end stage of
the dismantling of the cell.

Some experiments suggest that the PT-pore could induce
a structural rearrangement of the cristae and recruit cy-
tochrome c for release from mitochondria [33]. Alterations
in cristae morphology and cytochrome c loss can be inhib-
ited by the PT-pore inhibitor CsA, which indicates that a
structural change in the PT-pore complex is responsible for
the release of specific pro-apoptotic factor for apoptosis in-
duction. Thus, it might not be necessary to open the PT-pore
as in the standard model but just to change the structure
of the PT-pore complex and the distribution of its compo-
nents. A typical example is the action of the ANT ligands
bonkgrekic acid and atractyloside. Bonkgrekic acid inhibits
cell death, because through interaction with ANT it decreases
the cytochrome c concentration and presumably that of cardi-
olipin at the mitochondrial periphery. In constrast atractyclo-
side supports apoptosis as its interaction with ANT causes
an increase of the peripheral cytochrome c concentration
[85].

In conclusion, there is ample evidence for a role of the
PT-pore complex in cell death and some modifications of the
former standard model of PT-pore activation allow integrate
all available data.

The PT-pore in necrosis

Necrosis and apoptosis are two fundamentally different
forms of cell death. Morphologically, apoptosis is charac-
terised by a shrinkage of the cells with their membranes
intact, membrane blebbing and rapid phagocytosis of the
dead cells, whereas during necrosis the plasma membranes
disrupt and release cellular components in the extracellular
space leading to an inflammatory response. While apoptosis
is regulated by a genetic programme and requires an active
contribution of the cell, necosis is the passive cell death that
is (at least in most cases) independent of an underlying ge-
netic programme. Comprehensive tests have yielded that the
ATP level determines the way how the cells die with sus-
tained ATP favouring apoptosis and a decreased ATP caus-
ing necrosis [34]. Since the PT-pore activation causes ��m

loss and a reduction of ATP it is surprising that this could
contribute to apoptosis rather than necrosis. Thus, the tran-
sient nature of the PT-pore opening as proposed in one of
the novel models (see above) could sustain the ATP level
that is required for efficient execution of the programme of
apoptosis.

Nevertheless, necrosis induction by the PT-pore has
been described. A particularly well documented case is
ischaemia/reperfusion injury of the heart [35]. While is-
chaemia, the lack of oxygen supply to tissues, does not lead
to cell death, it is the subsequent reperfusion of the cells with
oxygen and the oxidative stress that cause the demise of the
cells. It seems that ischaemia initiates changes in the cells,
such as the increase of free ADP, Pi and of cytosolic Ca2+.
A disparity of high intra-mitochondrial substrate supply for
the respiratory chain versus low ADP leads to superoxide
production, which causes oxidative stress during reperfu-
sion [36, 37]. Such a scenario would lead to a vicious circle:
the subsequent PT-pore opening would increase free ADP.
This would further deregulate Ca2+ and curb the activity of
oxidative phosphorylation resulting in further ROI produc-
tion and PT-pore opening. Since the postulation of a role
for the PT-pore in ischaemia/reperfusion numerous experi-
mental evidence have been found supporting this. CsA, for
example, the classical inhibitor of the PT-pore, could reduce
PT in cardiomyocytes subjected to anoxia-reperfusion. Also,
it protected against loss of ��m and, importantly, against
cell death [36]. Another example of the PT-pore in necro-
sis can be found in primary brain cells. Also in this system
necrosis was only observed when the feed forward cycle of
ROI formation and PT-pore activation mentioned above was
initiated [38].

Several authors also proposed that the intensity of the in-
sult and the duration of PT-pore opening could determine
the mode of cell death. This is in line with the observa-
tion that only the cells surrounding a myocardial infarct
site, which experience a less pronounced and shorter insult
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undergo apoptosis while those cells that are more severely
affected die by necosis [39].

The core components of the PT-pore

On a molecular basis the PT-pore comprises the voltage-
dependent-anion-channel (VDAC), an unspecific pore pro-
tein, which is also called mitochondrial porin [40, 41], in the
outer mitochondrial membrane and the adenine-nucleotide-
translocator (ANT), a specific ATP/ADP transporter, in the
inner mitochondrial membrane. Directly associated with
ANT in the matrix of mitochondria, is cyclophilin D (cypD),
a chaperone with peptidylprolyl isomerase (PPIase) activity
[42]. With the identification of VDAC as a subunit of the PT-
pore it became necessary to propose that the PT-pore exists
in contact points of the peripheral inner with the outer mito-
chondrial membrane. This model of the PT pore is supported
by a combination of biochemical and pharmacological data
(see below).

VDAC at the outer mitochondrial membrane

Many indications exist that VDAC is a component of the PT-
pore. As with ANT its reconstitution into liposomes gener-
ated a complex resembling the PT-pore and specific ligands
of VDAC such as Königs’s polyanion inhibit the PT-pore
[43]. Moreover, fractionating mitochondrial membranes led
to the identification of complexes that contained VDAC,
ANT and cypD and that behaved in an identical manner
compared to the endogenous PT-pore [44]. The assumptions
about VDAC structure are, in the absence of a crystal struc-
ture, derived from the known structure of bacterial porins
[41] to which VDAC is related. Mammalian VDAC is a
31-kDa protein with stretches of alternating hydrophobic
and hydrophilic amino acids that form a trans-membrane
β-barrel composed of a single α-helix at the N-terminus and
several trans-membrane amphipathic β-strands. According
to different models the α-helix at the N-terminus protrudes
outside [45], crosses the membrane [46] or interacts with
the membrane or membrane proteins [47]. Computer mod-
eling of VDAC’s primary amino acid sequence has led to the
development of models showing the trans-membrane organi-
zation, consisting of a single α-helix and 13-, 16- or 19-trans-
bilayer β-strands. These β-strands are connected by several
peptide loops of different sizes on both sides of the mem-
brane that serve as potential protein interacting sites [48–50].
It has been proposed that monomeric VDAC reconstituted
in artificial membranes can serve as the functional channel
[51]. However, evidence consistent with oligomerization of
purified VDAC from rat liver or Neurospora crassa, and in
yeast outer membrane suggests that VDAC forms dimers
[52, 53] and possibly tetramers. In brain mitochondria [54]
or recombinant human VDAC [55], the existence of VDAC

dimers and tetramers in mitochondria has been reported.
Thus, it has recently been proposed that VDAC oligomeriza-
tion functions in mitochondria-mediated apoptosis [54, 55].

The role of VDAC in controlling the interaction of
mitochondria with the cytosol

For a thorough understanding of the function of VDAC it
is informative to recapitulate the evolutionary origin of the
PT-pore. The original ATP providing system of the cell was
anaerobic glycolysis ending with lactate production. Accord-
ing to the endosymbiont hypothesis [56], a second ATP en-
ergy providing system was acquired, the oxygen-dependent
phosphorylation. In order to integrate the latter into the en-
ergy metabolism and convert the former bacteria into mi-
tochondria the cell had to overcome difficult tasks. It had
to keep the two compartments, cytosol and inner membrane
matrix, separated, but also had to allow metabolite exchange.
The metabolic partition is necessary because ATP synthesis
in the two compartments has opposite prerequisites: firstly,
while ATP synthesis through glycolysis depends on a high
NAD/NADH quotient (700) in the cytosol the opposite is true
for oxidative phosphorylation (NAD/NADH quotient is 7 in
mitochondria) [57]; secondly, energy consuming systems,
for example ion pumps and actomyosin ATPase, depend on
high free energy �G of the phosphoryl group transfer from
ATP. To provide a �G of 59 KJ per mol the ATP/ADP quo-
tient has to be approximately 800 in the cytosol whereas
it is about 5 in the mitochondria in order to support ATP
synthesis [58, 59] (see Fig. 1). The hydrogen from cytosolic
NADH is shuttled to the mitochondrial NADH oxidase as
glycerol-phosphate or malate through the glutamate aspar-
tate shuttle. However, a direct electron transfer exists to cy-
tochrome oxidase from rotenone-insensitive outer membrane
NADH oxidase via cytochrome b5 involving cytochrome c
and bypassing complex III [60]. The direct electron transfer
by cytochrome c depends on the existence of contact sites
[61]. As shown in Fig. 1 a chain of cytochrome c molecules
might be involved to channel electrons to cytochrome a/a3.
For ATP exchange the smart mechanism is not to export the
mitochondrial ATP but just transfer the phosphoryl group
from ATP to either glucose or creatine. This phosphoryl
group transfer is performed by conversion of ANT from
an unspecific uni-porter pore into an anti-porter specific for
ATP and ADP and coupling of either hexokinase or creatine
kinase to it (see Fig. 1) [62]. The transfer of the phospho-
ryl group to phosphor creatine serves to conserve a high
�G.

The voltage dependent anion channel (VDAC), [63]
is the major transport protein in the outer mitochondrial
membrane. As depicted in Fig. 1 the same isotype I of VDAC
present in the outer mitochondrial membrane is also a com-
ponent of the cell plasma membrane [47]. According to the
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Fig. 1 Biochemical consequences of the origin of mitochondria as
an endosymbiont. The mitochondrial outer membrane (OM) originates
from the cell membrane and contains the same VDAC isotype I. The
peripheral inner membrane (inner boundary membrane IBM) has the
specific function to interact with the outer membrane, while the cristae
membrane (CM) has no contact with the OM. VDAC regulates the
integration of glycolysis and oxidative phosphorylation by forming
complexes with the adenine nucleotide translocator (ANT), hexokinase
and creatine kinase. The hexokinase (HK)-VDAC-ANT complex has
the function to adapt glucose phosphorylation and rate of glycolysis to
intra-mitochondrial ATP synthesis. The VDAC-creatine kinase (mCK)-

ANT complex has the function to increase the high free energy �G of
phosphoryl group transfer of the ATP. On the left side the standard
�G in kJ/mol is shown for phosphor-enol pyruvate (PEP 59 kJ/mol)
diphospho glycerate (DPG 50 kJ/mol) and phopho-creatine (PCr 44
kJ/mol). The standard �G is compared with the energy consumption of
the SR Ca2+ pump 52 kJ/mol, Na+/K+ ATPase 48 kJ and acto-myosine
ATP ase 43 kJ/mol. On the right side the direct NADH oxidation path-
way is shown involving outer membrane rotenone insensitive NADH
oxidase, cytochrome b5 and cytochrome c, which transfers electrons to
cytochrome oxidase and bypasses complex III

aforementioned endo-symbiont hypothesis the incorporated
bacteria (mitochondria) can still be considered as extra-
cellular with the outer mitochondrial membrane providing
a barrier between the mitochondrial inner-membrane matrix
and the cell cytosol, and in this membrane VDAC mediates
the complex interactions between mitochondria and other
parts of the cell by transporting anions, cations, ATP, Ca2+

and metabolites. Thus, VDAC plays an important role in
coordinating the communication between mitochondria
and cytosol. An essential aspect of this management is

the transient formation of complexes of VDAC with other
proteins (see below).

ANT and cypD at the inner mitochondrial membrane

ANT is a member of the superfamily of membrane
transporters. Six membrane-spanning domains of 18–22
residues are separated by hydrophilic domains facing either
the mitochondrial matrix or the intermembrane space.
According to this model the C- and the N-terminus protrude

Springer



846 Apoptosis (2007) 12:841–855

into the intermembrane space [14]. Biochemical isolations
and reconstitutions in liposomes of the PT-pore suggested
that those protein complexes consist of ANT in the inner
membrane and VDAC in the outer membrane. These ag-
gregates display a striking voltage dependence with gating
effects that are consistent with the voltage dependence in
intact mitochondria [15]. Moreover, reconstituted ANT
facilitated malate transport that was inhibitable by the same
reagents as the mitochondrial PT-pore [64]. As mentioned
above the use of the immunosuppressant CsA marked an
important advance of the field in that it showed that the
PT can be inhibited by specific ligands. CypD has since
been shown to be the target of CsA. It interacts directly
with ANT [65, 66] and a cypD affinity matrix isolated ANT
and VDAC and the reconstituted complexes mimicked a
PT-pore [65]. CypD is a soluble protein in the mitochondrial
matrix. Its crystal structure shows that it shares a common
protein structure with other cyclophilins as expected based
on the similarity of their primary sequences [67]. A β-barrel
flanked by two α-helices is formed by ten anti-paralell
β-sheets, which are connected by loops of varying length.

Accessory PT-pore subunits

In addition to the classical components of the PT-pore enu-
merated above, which are supposed to constitute the core
of the PT-pore, a number of accessory proteins have been
detected associated with the PT-pore such as hexokinase I
and II (HK) shown in Fig. 2. This protein interacts directly
with VDAC in the outer membrane of mitochondria. Its dis-
placement from VDAC is necessary for Bax binding and cell
death induction. Hence, Bax as well as other Bcl-2 family
members can, depending of the physiological state of the
cell, interact with PT-pore components in the outer mito-
chondrial membrane. This is also the locale of the peripheral
benzodiazepine receptor (PBR), an evolutionary conserved,
18kD protein with five membrane spanning domains that
is characterised by its high affinity binding of a number of
pharmacologically important substances. Mitochondrial cre-
atine kinase (mCK) is found in the inter-membrane space of
mitochondria and associates with ANT-1 at the contact sites
(PT-pore) but also in the cristae with ANT-II (Fig. 2) [68].
New data also indicate that cytochrome c, a pivotal apoptosis
inducer, is associated with the PT-pore. Moreover, specific
lipids interact with components of the PT-pore and thereby
modulate the activity of this protein aggregate (see below).

The role of VDAC in organizing kinases at the
mitochondrial surface

Hexokinase [69, 70] and the octamer of mitochondrial cre-
atine kinase [71] bind specifically to VDAC. The coupling

of hexokinase to the mitochondrial ATP by the VDAC-ANT
complex has the function to regulate the rate of glycoly-
sis by glucose phosphorylation according to the activity of
mitochondrial oxidative phosphorylation (Fig. 1). While in
neurons this coupling is permanent through hexokinase I it
varies depending on the cytosolic Ca2+ level in muscle be-
cause hexokinase II is missing the hydrophobic anchor [72]
and is therefore only transiently interacting with the PT-pore.
The coupling of VDAC to creatine kinase and ANT has the
function to provide a high �G by transferring the ATP phos-
phoryl group to creatine.

Kinetic analysis of hexokinase isotype I binding to VDAC
reconstituted in liposoms, isolated from outer mitochondrial
membrane, and functionally intact mitochondria showed dif-
ferent binding behavior of hexokinase. The capacity and the
binding kinetic varied dependent on the presence of con-
tact sites with the mitochondrial inner membrane [73]. An
increase of mitochondrial contact sites by dextran led to
higher binding capacity and cooperative binding behavior in
contrast to isolated outer membranes or mitochondria with
contact sites reduced by glycerol or DNP [74]. Moreover,
induction of contact sites by dextran resulted in a functional
coupling of the bound hexokinase with oxidative phosphory-
lation. The more ATP was produced by the respiratory chain
the more active was hexokinase and the enzymatic reactions
of glycolysis. This was observed by following the stimula-
tion of mitochondrial respiration by ADP produced through
bound hexokinase. The respiration was studied in the pres-
ence of extra-mitochondrial pyruvate kinase and phosphor-
enol phosphate to consume external ADP. The ADP scav-
enging system was less effective after induction of contact
sites by dextran [75]. Xie and Wilson found that hexokinase I
forms tetramers by binding to the mitochondrial surface [76]
and Hashimoto and Wilson analyzed the surface of bound
hexokinase by using surface domain specific antibodies [77].
The authors observed that the bound hexokinase changed its
structure according to the function of ANT and the rate of
oxidative phosphorylation. This suggested a tight coupling
between hexokinase and ANT transmitted by VDAC. The
finding emphasizes the idea that the bound hexokinase has
the function to adapt the rate of glycolysis to oxidative phos-
phorylation. In tumor cells this kind of regulation is missing
(see below).

Hexokinase-VDAC-ANT complexes in tumor cells

Cancer cells are characterized by a high rate of glycolysis
which serves as their primary energy-generating pathway
[78]. The molecular basis of this high glycolysis activity in-
volves a number of genetic and biochemical events, including
over-expression of mitochondria-bound isoforms HK-I and
HK-II [78]. It has been shown that cancer cells possess high

Springer



Apoptosis (2007) 12:841–855 847

Fig. 2 Metabolite circuits involving the PT-pore. (A) Biological work
(e.g. contraction) triggers cytosolic ADP-ATP turnover and leads to
the increase of cytosolic creatine through activity of cytosolic creatine
kinase (CK). Creatine causes an increase of intra-mitochondrial ADP
by the activity of mitochondrial creatine kinase that is linked to the
adenine nucleotide translocator (ANT) through cardiolipin (dark green
rings). In a complex with CK ANT is acting as anti-porter in the inner
membrane. (B) In absence of ADP and presence of high Ca2+, ANT
can form an unspecific permeability transition pore (PTP) that releases
Ca2+. (C) The mitochondrial ryanodine receptor mRyR may be liked to
VDAC. Ca2+ activates substrate supply to the electron transport chain.
This may lead to increased ROS formation if it is not accompanied
by ADP increase. (D) In the hexokinase complex the enzyme forms a
tetramer that is linked to two dimers of VDAC and ANT. In brain and

heart mitochondria ANT isotype I is in this complex [68]. It is in its c-
conformation (ANT-I-c, induced by atractyloside), where it can operate
either as anti-porter to exchange ATP for ADP or as uni-porter forming
an unspecific pore. ANT in the m-conformation (ANT-m, induced by
bongkrekate) does not form complexes with VDAC and cannot cause
PTP. The oligomerization of hexokinase leads to activation of the en-
zyme. VDAC obtains a different structure by interaction with ANT in
the c-conformation that has higher capacity to bind hexokinase. Both
kinase complexes contain cytochrome c represented by red dots. It is
bound to cardiolipin (green ring) (E) ANT isotype II was found in
the cristae together with the octamer of mitochondrial creatine kinase.
This enzyme attaches specifically to the cardiolipin that is surrounding
ANT-II. OMM: outer mitochondrial membrane, IBM: inner boundary
membrane, CM: cristae membrane

levels of HK activity and that drugs that detach HK from
mitochondrial membranes decrease cell viability [79].

Specific for tumor cells is the glucose-induced inhibition
of oxidative phosphorylation, known as the Crabtree effect
[80]. It was suggested that mitochondrial oxidative phospho-
rylation lacks ADP because it is consumed by high activity
of pyruvate kinase outside the mitochondria. This behavior
is comparable to the ADP scavenge system described above
that was artificially established to study the functional cou-
pling of hexokinase to ANT. Thus, the Crabtree effect in
tumor cells indicates that the functional coupling of hex-
okinase to ANT in the contact sites is missing. Indeed, by
applying freeze fracture analysis it was observed that con-
tact sites were absent in HT29 tumor cells that had a high

glycolytic rate and displayed a typical Crabtree effect [81].
However, contact sites re-appeared and the Crabtree effect
disappeared when the same cells were converted to normal
cells by growing them in the absence of glucose. In this case
oxidative phosphorylation was the only source of ATP and
VDAC-ANT complexes were forming to facilitate ATP/ADP
exchange.

Hexokinase as a marker enzyme of contact sites

Contact sites between outer mitochondrial and peripheral
inner membrane were analyzed by freeze fracturing mito-
chondria and were found to be transient structures forming
dependent on the activity of the oxidative phosphorylation
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[74]. ADP and atractyloside induced the contacts, while glyc-
erol and DNP depressed them [82].

Hexokinase I could be localized by immune electron mi-
croscopy in the contacts between inner and outer boundary
membrane. The enzyme was therefore used as a specific
marker upon isolation of contact sites. Mitochondrial mem-
branes were fragmented by osmotic shock. Centrifugation
of the membrane fragments on a sucrose density gradient
resulted in a fraction with high hexokinase activity and in-
termediate density that was distinct from outer (monoamino
oxidase) and inner membrane (succinate dehydrogenase)
marker enzymes. The contacts contained VDAC and ANT
[83, 84] as determined by specific antibodies.

VDAC-ANT Complexes

The investigations described above suggested that complexes
between VDAC and ANT are forming contact sites. This as-
sumption was supported by the observation that a change of
ANT structure resulted in an increase or decrease of contact
sites [85]. Kidney mitochondria were pretreated either by
atractyloside or bongkrekate and subjected to osmotic shock
and contact site isolation by sucrose density centrifugation.
Hexokinase activity as a marker for contact sites disappeared
in the contact site fraction in the presence of bongkrekate
while in the presence of atractyloside it increased to a higher
level than compared to untreated mitochondria. The results
supported the assumption raised above that VDAC-ANT
complexes form contact sites to which hexokinase binds
specifically. The contact site marker hexokinase was sub-
sequently used to isolate VDAC and ANT complexes from
a 1% Triton extract. Hexokinase in the Triton extract was
bound to an anion exchanger column and was eluted by KCl
gradient. The hexokinase activity peak contained a tetramer
of hexokinase, VDAC, ANT and cyclophilin D [86, 87].
As observed with hexokinase, cyclophilin D bound to im-
mobilized antibodies was used to isolate the VDAC-ANT
complex from a Chaps extract of heart muscle mitochondria
[88]. The hexokinase-VDAC-ANT complex as well as the
cyclophilin-VDAC-ANT complex were reconstituted in li-
posomes and resembled the Ca2+ dependent, Cyclosporin A
sensitive permeability transition pore.

VDAC-ANT complexes contain cytochrome c

Release of cytochrome c from mitochondria is considered to
be a key event in the apoptotic process, although the precise
mechanism regulating cytochrome c release remain unknown
[89]. To date, all of the mitochondrial components known to
translocate to the cytoplasm following an apoptotic stimulus
reside in the mitochondrial inter-membrane space. There-
fore, only the outer membrane needs to be modified. Indeed,
some models suggest that the release exclusively involves

an increase in outer membrane permeability due to the for-
mation of a channel large enough to account for the release
of proteins such as cytochrome c, while others consider its
release due to a large-scale disruption of the outer membrane
[55, 90, 91]. However, it has been observed that cytochrome
c can be released without rupture of the outer membrane and
that contact sites are involved [91]. Approximately 20% of
the total cytochrome c was found in the contacts site fraction
in isolated kidney and brain mitochondria. This amount was
increased upon induction of contact sites by pre-incubation
with atractyloside or by addition of dextran whereas it was
decreasing after depression of contact sites by pre-incubation
with bongkrecate or treatment with glycerol or DNP [85]. It
was already suggested above that tetramers of hexokinase
preferentially bind to contact sites formed by VDAC-ANT
interaction. Thus it may be assumed because of stoichiomet-
ric reasons that also tetramers of VDAC are present in the
cytochrome c containing contact sites (Fig. 3). Thus, these
VDAC tetramers could constitute the channel for cytochrome
c release during apoptosis.

VDAC oligomerization and cytochrome c binding

Both soluble and membrane-embedded VDAC can assem-
ble into dimers, trimers and tetramers as demonstrated by
cross-linking with five cross-linking reagents bearing dif-
ferent spacer lengths (3–16 Å) and membrane permeability
[55]. VDAC assembly into oligomers is a dynamic process
as demonstrated by FRET between purified VDAC labeled
with either FITC or EITC [55].

The mechanisms of how cytochrome c is organized in
the contact sites remains elusive. Involvement of VDAC
oligomerization in the release of cytochrome c from mi-
tochondria was recently suggested [55]. It was also demon-
strated that VDAC oligomerization is encouraged in the pres-
ence of cytochrome c. In VDAC-reconstituted liposomes
containing encapsulated cytochrome c, but not in VDAC li-
posomes free of cytochrome c, VDAC dimers, trimers, and
tetramers were observed even without chemical cross-linking
[55]. This suggests that cytochrome c interacts preferentially
with VDAC oligomers present in the contact sites where the
peripheral inner membrane contributes cardiolipin known as
specific binding site of cytochrome c.

Cholesterol and cardiolipin influence VDAC
structure/function

Sterols have been associated with purified mitochondrial
VDAC, such as ergosterol in N. crassa [92] and choles-
terol in VDAC from bovine heart [48]. Sterols were found
to be essential for proper insertion of VDAC into bilayer
membranes, and cholesterol increases VDAC conductance
[93]. It was assumed that sterols function to increase the
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Fig. 3 Structure of
VDAC-ANT complex in the
contact site. (A) Two dimers of
VDAC and ANT are connected
by non bilayer cardiolipin
arranged as inverted micelle
according to [100] (shown in B)
or as opening to the cytosol.
This arrangement would explain
how inner membrane cardiolipin
(diphosphatidyl glycerol DPG)
could come to the mitochondrial
surface and cytochrome c could
be detached from its binding
sites in the contact sites by
external Bax without forming
pores. Hexokinase binds to the
four VDAC as a tetramer
hindering access of Bax to the
cytochrome c binding sites A)
ANT in the presence of Ca2+

and absence of ADP changes to
the uni-porter structure forming
an unspecific permeability
transition pore. (B) ANT in the
absence of Ca2+ and presence of
ADP generated by hexokinase
obtains the anti-porter structure
specific for ATP and ADP
exchange. (C) VDAC and ANT
are not connected when the
octamer of the mitochondrial
creatine kinase binds to
cardiolipin surrounding ANT
and on the other side to VDAC.
A non bilayer arrangement of
cardiolipin as shown in A and B
is not possible in the creatine
kinase contact site
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hydrophobicity of the VDAC β-barrel surface exposed to
the phospholipid matrix of the membrane. The outer mem-
brane contains 10% cholesterol, while almost none is found
in the inner membrane [94]. The cholesterol in the outer
membrane is non-randomly distributed [95] and VDAC is
localised inside or outside the cholesterol-containing lipid
raft-like areas [96]. This might explain the observed vary-
ing properties and structure of VDAC in different protein
complexes. The hexokinase-VDAC-ANT complex has low
cholesterol but high cardiolipin content compared to mean
values of the membrane [97]. Interestingly, in certain tumour
cells, a 3-fold higher cholesterol concentration was found and
as described above contact sites were absent. The observed
Crabtree effect suggested that VDAC-ANT complexes were
missing [81], and this may explain suppression of apoptosis
in tumour cells. Interestingly, treatment of tumour cells with
inhibitors of cholesterol synthesis made them again suscep-
tible for apoptosis [98].

Cardiolipin is a specific component of the inner membrane
where it is tightly associated with several inner membrane
proteins, controlling their activities. It may also indirectly
regulate VDAC functions. VDAC forms contact sites with
ANT containing tightly bound cardiolipin [99], and Ca2+

affects cardiolipin bound to ANT, thus regulating the inter-
action of VDAC with ANT. As cytochrome c displays high
affinity for cardiolipin it is concentrated in the contact sites
as well [85]. A representation of the possible structure of
the VDAC—ANT complex is shown in Fig. 3. According
to the model of Van Venetie and Verkleij [100] cardiolipin
may form inverted micelles or arrange in other non bilayer
structures. The authors postulated formation of contact sites
by pure non bilayer phospholipid arrangement induced by
Ca2+. We postulate that cardiolipin may organise along the
hydrophobic surface formed by the VDAC—ANT complex.
This hydrophobic rod is penetrating the two boundary mem-
branes when the two proteins interact. As depicted in Figs.
2 and 3 cytochrome c can be arranged in the VDAC-ANT
complex in a way that is accessible to external Bax and
t-Bid.

There is evidence that cardiolipin is important in apoptosis
induction [101] as specific binding site for cytochrome c and
pro-apoptotic proteins [102]. The cardiolipin exposed at the
outer surface in the permeability transition pore, meaning the
VDAC-ANT complex, appears to be the target for the pro-
apoptotic protein Bax [103]. Bax may replace cytochrome c
from cardiolipin in the contacts and get incorporated into the
VDAC ANT complex as shown in Fig. 3. Cardiolipin is also
required for targeting t-Bid to mitochondria [104] where
it appears to interact especially in the contact sites [105].
t-Bid perturbs the inner membrane and by that mobilizes
cytochrome c from the cristae surface to the mitochondrial
inter-membranous space to facilitate its release [21].

Novel insights

Additional components

Evidence is accumulating that there are additional, unknown
components of the PT-pore complex. A purification protocol
led to a specific enrichment of proteins that could be resolved
by two-dimensional electrophoresis [28]. Also, the analysis
of cyclophilin D-interacting proteins revealed that several
binding partners, besides ANT, exist [106]. A recent study
described for the first time that a gluthatione-S-transferase
interacts with ANT [107]. Interestingly, upon apoptosis in-
duction this interaction is abolished indicating that this en-
zyme functions as an inhibitor of the PT-pore. Moreover,
a number of additional interactors were identified, some of
them localise to the endoplasmic reticulum, the cytosol and
mitochondria. This indicates the complexity of the “ANT
interactome” and the regulation of this protein aggregate.

Genetic knock-outs

ANT knock-out studies

The two ANT genes in mice were knocked out in hepatocytes
[108]. This led to a number of secondary responses such as
the upregulation of cyctochrome c, the down-regulation of
the UCP2, the stimulation of the respiratory rate and an in-
creased mitochondrial membrane potential. Experiments on
the PT-pore revealed that its sensitivity for Ca2+ was reduced
by a factor of three. Also, ANT ligands such as atractyloside
and ADP had no modifying effect on the PT-pore anymore.
However, the fact that PT could still be induced led the au-
thors of the study to suggest that ANT is non-essential for
the PT-pore [108]. Also, in ANT-deficient hepatocytes no
altered apoptosis responses to the ligands of the Fas- and
the TNF- receptor were observed. However, it is contentious
[109, 110] whether the PT-pore in mitochondria is activated
by these cell death signals that act at the plasma membrane
and hence whether an altered apoptosis (and necrosis) re-
sponse could have been expected. Furthermore, since this
study was published another isoform of ANT (ANT4) has
been discovered in the mouse genome [111]. So far its ex-
pression has only been detected in stem cells and testis but
it might substitute for the inactivated genes in other tissues
as well.

Nevertheless, the fact that the deletion of the two mouse
ANT forms led to only a minor effect on the PT-pore was sur-
prising and caused several different interpretations ranging
from doubt that ANT-1/2-deficient tissues are indeed devoid
of ANT activity (an argument supported by the recent dis-
covery of ANT4, see above) to the notion that other carriers
of this gene family might substitute for ANT [112]. These
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issues as well as the above described adaptive responses of
the cells put into perspective the conclusion that ANT is
dispensable for PT. Nevertheless, this publication led to a
reappraisal of the role of the PT-pore components and the
various interpretations can now be tested experimentally.

Cyclophilin D knock-out studies

Four groups published studies on cypD knock-out mice
[113–116]. In these cypD-deficient animals the PT-pore can-
not be activated by low concentrations of Ca2+. High con-
centrations of this ion such as 2 mM, however, still lead to
PT [115] and cell death [113, 114]. A number of signals that
cause apoptosis and/or necrosis such as t-Bid, Bax, etopo-
side, TNF-α, and staurosporine had no different effect in
cypD deficient mice. On the other hand, oxidative stress by
H2O2 and Ca+2 increase by ionomycin and thapsigargin led
to a different cell death induction as measured by the release
of cytochrome c [114] or PI staining [113]. One study [114]
claims that cypD impacts only necrosis while another group
also observed an effect on apoptosis induced by H2O2 as
determined in a TUNEL- and an annexin V- assay [113]. It
is known that signals too strong for cells to mount an ac-
tive response cause the passive cell death of necrosis rather
than the active suicide programme of apoptosis. Hence, the
explanation for the discrepancy in the two studies might lie
in the duration and strength of the stimulus used for cell
death induction. However, it has to be stressed that the re-
sults presently available do not necessarily allow draw the
conclusion that the PT-pore is not involved in apoptosis in-
duction by some of the reagents tested. As with all knock-out
experiments adaptive responses by the cells might obscure
the effects.

Overexpression studies on cypD

One study suggests that overexpression of cypD in trans-
genic mice leads to apoptosis induction in the heart
[113]. However, such effects can also be—as in knock-our
experiments—the indirect consequence of a compensatory
response during animal development [117]. Previous obser-
vations that cyclosporin A can repress PT-pore activation and
apoptosis induction [118, 119] also suggested that cypD is
acting in a pro-apoptotic way. However, a substantial body
of evidence indicates that cypD has anti-apoptotic activities.
Importantly, we [120, 121] and others [122] have recently
found that enforced cypD expression can specifically repress
the activation of the PT-pore. Another study in neuronal
cells also observed apoptosis inhibition (but sensitisation for
necrosis) by cypD overexpression [123]. Moreover, there is
accumulating evidence that cyclosporin A can induce apop-
tosis in certain cells [124–127]. In fact, the clinical use of
CsA is still limited by its potential toxicity [128, 129] and

a specific inhibition of the PT-pore as observed with cypD
[120, 122] would be therapeutically of high interest. Hence,
it is important to determine how overexpressed cypD induces
or inhibits cell death. It has been suggested that cypD has
more than one role in apoptosis and this might underlie these
different activities [130]. Alternatively, cypD could have dif-
ferent targets in different cells. This could also explain why
ANT-1/2 KO mice are still sensitive to CsA.

A model of PT-pore activation

When both ANT-1 and ANT-2 are absent Ca2+ could still
induce the PT [108]. Also, in ANT1/2-negative cells, CsA
could still further inhibit the Ca2+ sensitivity. This led us
and others [117] to suggest that cypD has, besides ANT,
additional and so far unknown interaction partners for PT
and cell death. In fact, evidence is accumulating that there
are novel components of the PT-pore complex (see above)
[28, 107]. Hence, for a thorough understanding of the PT-
pore it is of crucial importance to determine these interactors.

Novel studies have indicated that the composition of the
PT-pore is not static but changes dependent on the physiolog-
ical state of the cell. Hence, we propose that the PT-pore al-
ters its composition during apoptosis and that anti-apoptotic
factors are released and pro-apoptotic subunits recruited for
apoptosis induction. The best evidence for this is currently
available for hexokinase.

Hexokinase inhibits cytochrome c release

The structural change of VDAC achieved by interaction with
ANT is recognized at the mitochondrial surface and leads to
higher affinity of hexokinase. Recent observations suggest
that this contact site structure is the preferred target of Bax
molecules. Pastorino et al. [131] found that hexokinase and
Bax compete for the same binding site of VDAC and Capano
and Crompton [132] detected VDAC and ANT when Bax
was immuno-precipitated from extracts of cardiomyocytes.
The model depicted in Fig. 3 explains how Bax can get access
to cardiolipin and cytochrome c and hexokinase may hinder
this. The binding of hexokinase to the contact sites is induced
by protein kinase B (Akt) [133]. Activated protein kinase B
can suppress apoptosis. The activity of mitochondrial bound
hexokinase was found to be important for protein kinase B-
linked suppression of cytochrome c release and apoptosis
[134].

When the hexokinase-VDAC-ANT complexes were
isolated it was found they contained significant amount
of cytochrome c although the complex was eluted from
anion exchanger column by 200 mM KCl suggesting that
the cytochrome c was not bound by ionic interaction. To
investigate whether Bax would be able to interact with the
cytochrome c within the VDAC-ANT complexes, the latter
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were reconstituted in phospholipid vesicles. The vesicles
were loaded with malate. Bax liberated the endogenous
cytochrome c but did not release the internal malate. The
Bax dependent liberation of endogenous cytochrome c was
abolished when the VDAC-ANT complex was dissociated
by bongkrekate or by stabilizing the hexokinase binding
through addition of glucose. The internal malate could be
released through opening the permeability transition pore
by addition of Ca2+. This suggested that Bax did not form
pores but released the cytochrome c from specific binding
sites in the VDAC-ANT complex (see Fig. 3) [85, 135].

In conclusion, the permeability transition in cell death is
brought about by dynamic protein complexes that have the
physiological function to regulate energy metabolism. These
protein complexes change according to the needs of the cell
and respond to different external and internal stimuli. During
cell death the associations are altered in a way that cause the
permeability transition in mitochondria. The basic compo-
nents of the complexes are VDAC and ANT, functionally
coupled to kinases such as hexokinase and creatine kinase.
In tissues such as brain and heart this regulation involves
specific isozymes of ANT. Thus, ANT-1 through its specific
affinity to cyclophilin D plays an additional role in regula-
tion of Ca2+ level, while ANT-2 trough its connection to
mitochondrial creatine kinase is responsible in generating
high �G. We have tried to give an overview of the different
aspects of the PT pore and hope that it has become apparent
that this protein complex promises to yield many more excit-
ing findings to fundamental questions on death and survival
of cells. There is no doubt that the PT pore will continue to
fascinate researchers in the future.
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