
Journal of Bioenergetics and Biomembranes, Vol. 31, No. 4, 1999

Progress on the Mitochondrial Permeability Transition
Pore: Regulation by Complex I and Ubiquinone Analogs

Eric Fontaine1 and Paolo Bernardi2,3

This review summarizes recent progress on the regulation of the mitochondrial permeability
transition pore, an inner membrane channel that may play a role in cell death. We briefly
cover its key control points as emerged over the last few years from studies on isolated
mitochondria; and describe in some detail our recent results indicating that the pore is modulated
by the respiratory chain complex I and can be specifically blocked by selected ubiquinone
analogs. We discuss the potential relevance of these findings for the structural definition of
the permeability transition pore and illustrate the pharmacological perspectives they offer in
diseases where mitochondrial dysfunction is suspected to play a key role.

KEY WORDS: Mitochondrial channels; respiratory chain; complex I; ubiquinone; cell death; disease;
aging.

INTRODUCTION et al., 1994; Gunter and Gunter, 1994; Zoratti and
Szabo, 1995 for reviews).

As a result of Ca21 accumulation, or simply as In the 1970s, Pfeiffer and co-workers proposed the
a consequence of in vitro “aging,” mitochondria can “membrane” theory of the permeability transition. The
undergo a generalized increase of permeability of the defect was traced to the membrane itself, which would
inner membrane, which has been termed “permeability undergo major changes of permeability as a result of the
transition” (Haworth and Hunter, 1979; Hunter and accumulation of acyllysophospholipids following acti-
Haworth, 1979a, b). The permeability pathway has an vation of Ca21-dependent phospholipase A2 (Pfeiffer et
exclusion limit of approximately 1500 Da, which al., 1979; Beatrice et al., 1980). This theory accounted
means that PTP opening leads to collapse of the proton- for the effects of a variety of inducers and inhibitors,
motive force, disruption of ionic homeostasis, loss of and could also readily explain the lack of selectivity of
pyridine nucleotides, and hydrolysis of ATP by the the permeability pathway. An alternative theory, which
F1F0-ATPase. The permeability transition has long had already been proposed in the early 1970s (Massari
been considered as an unspecific form of membrane and Azzone, 1972), considered the permeability transi-
damage, possibly due to breakdown of the phospho- tion as linked to reversible opening of a pore. The pore
lipid bilayer (see Gunter and Pfeiffer, 1990; Bernardi

theory was fully developed in the late 1970s (Haworth
and Hunter, 1979; Hunter and Haworth, 1979a,b), but it
did not gain much consensus. Only with the demonstra-
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al., 1989), is inhibited by CsA (Szabo and Zoratti, 1991) to induce a mitochondrial permeability transition (see
Zoratti and Szabo, 1995 for review), which can beand responds to most inducers and inhibitors as does the

permeability transition (Szabo et al., 1992; Szabo and reverted by addition of excess EGTA (Haworth and
Hunter, 1980; Crompton et al., 1987; Petronilli et al.,Zoratti, 1992) left little doubt that the permeability tran-

sition is mediated by opening of a high-conductance 1994b). The relevant parameter is matrix Ca21 since
inhibition of Ca21 uptake by ruthenium red abolisheschannel.

Despite this progress, major issues remained open. PTP opening (Hunter and Haworth, 1979a). The
amount of matrix Ca21 required to open the pore isFirst, it was hard to understand how a single channel

couldbe modulatedby over40 classesof unrelatedcom- decreased in the presence of the so-called “inducers”,
while it is increased in the presence of PTP inhibitorspounds, a finding that still makes the molecular nature

of the pore quite enigmatic. Indeed, any candidate PTP (see below). Other Me21 ions generally behave as pore
inhibitors, and this is true irrespective of whetherprotein(s) must account for all inducers and inhibitors.

Second, despite intensive investigation, the physiologi- cations are accumulated (like Sr21 and Mn21) or not
(like Mg21). The general effects of Me21 ions on thecal roleof the poreand itsvery occurrence invivo remain

the matter of intense debate. Many experimental obser- pore can be rationalized with the existence of two
separate Me21-binding sites on the PTP: (i) an externalvations support the idea that PTP opening plays a key

role in thepathways tocell death,eitherdirectly,because site: occupation of this site (apparent I50 5 0.2 mM )
by any Me21 ion (including Ca21 itself) decreasesof disruption of energy metabolism, or indirectly,

because of mitochondrial swelling leading to rupture the probability of pore opening; (ii) an internal site:
occupation of this site by Ca21 increases the probabilityof the outer mitochondrial membrane with release of

apoptotic factor(s) located in the intermembrane space of pore opening, while all other Me21 are inhibitory
and apparently compete with Ca21 (Bernardi et al.,(Imberti et al., 1993; Pastorino et al., 1993; Zamzami et

al., 1995; Susin et al., 1996; Pastorino et al., 1998). On 1993).
the other hand, evidence is also accumulating that the
PTP may serve the physiological function of providing
mitochondria with a fast Ca21 release channel (Bernardi Membrane Potential
and Petronilli, 1996), which is consistent with recent
observations relevant to mitochondrial Ca21 signaling The PTP behaves like a voltage-dependent chan-

nel, which favors the closed conformation at highin situ (Ichas et al., 1997) and with the finding of revers-
ible pore openings in intact cells (Petronilli et al., 1999). membrane potentials and the open conformation after

depolarization (see Bernardi et al., 1994 for a review).Here, we briefly review recent work that illus-
trates how the PTP is regulated, and how a multiplicity The voltage dependence appears to be an intrinsic

property of the pore. This has been described both inof known pore effectors converge on a more limited set
of regulatory sites that modulate the pore open–closed isolated mitochondria, by modulating the membrane

potential with uncouplers (Bernardi, 1992) or valino-transitions in vitro. On request of the Editor, the review
covers in some detail results obtained in the Bernardi mycin (Scorrano et al., 1997), and in patch-clamp

experiments of single channels, by modulating thelaboratory and it will include recent results suggesting
that the PTP is regulated by electron flux through the applied voltage (Szabo et al., 1993; Szabo and Zoratti,

1993). These findings suggest the existence of a sensorrespiratory chain complex I (Fontaine et al., 1998a).
In this context, we will discuss the mechanism by that decodes the voltage changes into variations of the

probability of pore opening. Highly conserved argininewhich ubiquinone analogs modulate the pore (Fontaine
et al., 1998b), a discovery that may open new perspec- residues play a key role in voltage sensing by the

plasma membrane K+, Na+, and Ca21 channels (Catter-tives for PTP modulation in vivo and possibly for its
definition at the molecular level. all, 1988), and recent results with arginine-selective

reagents suggest that arginine residues may also play
an important role in modulation of PTP opening byMECHANISTIC ASPECTS OF PORE

REGULATION Ca21 and depolarization (Eriksson et al., 1997, 1998).
The proposal that the pore also senses changesDivalent Cations

of the surface potential represents a substantial
improvement in the understanding of how PTPCa21 is the single most important factor for open-

ing of the PTP. Addition of Ca21 alone is sufficient responses can be modulated by a variety of heteroge-
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neous agents (Broekemeier and Pfeiffer, 1995). peroxide) appear to affect the pore through changes
Amphipathic anions (like fatty acids) behave as pore in the level of reduced glutathione rather than by direct
activators with an effect that cannot be explained by oxidation of the S-site (Chernyak and Bernardi, 1996).
depolarization (Broekemeier and Pfeiffer, 1995). Con- Pretreatment with monobromobimane (Costantini et
versely, polycations (like spermine, positively charged al., 1995a) or with low concentrations (10–20 mM )
peptides, and amphipathic cations like sphingosine and of N-ethylmaleimide (Petronilli et al., 1994a), or
trifluoroperazine) inhibit pore opening, the latter acting reduction with dithiothreitol fully prevent the effects of
independently of inhibition of phospholipase A2 (Lapi- oxidants that act at the S-site (Petronilli et al., 1994a).
dus and Sokolove, 1992; Rigobello et al., 1995; Oxidation of the P-site by oxidized pyridine
Broekemeier and Pfeiffer, 1995). All these data are nucleotides can induce the permeability transition
consistent with the view that a more positive surface under conditions where the glutathione pool is demon-
potential favors pore closure, while a more negative strably kept in the fully reduced state, or when the S-
surface potential favors its opening (Bernardi et al., site is reacted with arsenite (Chernyak and Bernardi,
1994; Broekemeier and Pfeiffer, 1995). 1996; Costantini et al., 1996). At variance from the

S-site, the P-site cannot be blocked by monobromobi-
mane or dithiothreitol, while it is sensitive to N-ethyl-

Matrix pH maleimide in the same concentration range as the S-
site.

Since the early work of Hunter and Haworth, it Although these experiments demonstrate that the
had been appreciated that the mitochondrial permeabil- PTP open–closed transitions can be independently
ity transition is inhibited at acidic pH values (Haworth modulated at the S- and P-sites, it must be considered
and Hunter, 1979). Our laboratory has shown that the that their relative contribution to PTP opening under
relevant parameter is matrix pH (Bernardi et al., 1992), conditions of oxidative stress may be extremely diffi-
and that modulation is exerted through histidyl residues cult to assess because the mitochondrial levels of
(Nicolli et al., 1993). Reversible PTP closure occurs reduced pyridine nucleotides and glutathione are con-
upon protonation of these residues and this can be nected through energy-linked transhydrogenase and
prevented by carbethoxylation with diethylpyrocarbo- glutathione reductase (Hoek and Rydström, 1988). A
nate (Nicolli et al., 1993). Besides a direct effect of key role of NADH as the source of reducing equiva-
pH on histidyl residue(s), it should be kept in mind lents for mitochondrial antioxidant defenses through
that pH also affects the pyridine nucleotides redox

transhydrogenase is supported by the finding that para-
potential (see below).

quat induces PTP opening through GSH oxidation in
succinate-energized rat liver mitochondria only in the
presence of rotenone, while it becomes totally ineffec-Oxidative Stress
tive when NAD(P)H is kept reduced by reverse elec-
tron flux through complex I when rotenone is omittedOxidative stress has long been known to favor the
(Costantini et al., 1995b).permeability transition (see Zoratti and Szabo, 1995

A third redox-sensitive site has recently beenfor review). The PTP possesses at least two redox-
described. Treatment of mitochondria with low con-sensitive sites that both increase the probability of
centrations of the sulfhydryl oxidant, copper-o-phen-opening after oxidation; (i) the “S-site,” a dithiol in
anthroline promotes pore opening (Costantini et al.,apparent redox equilibrium with matrix glutathione;
1998). At variance from all reagents acting at the S-and (ii) the “P-site,” in apparent redox equilibrium with
site, with this inducer pore opening is promoted ratherthe pyridine nucleotides pool (Chernyak and Bernardi,
than inhibited by low (micromolar) concentrations of1996; Costantini et al., 1996).
N-ethylmaleimide, while pore closure is still observedCross-linking of the S-site by arsenite or pheny-
upon reduction with dithiothreitol or b-mercaptoetha-larsine oxide, or its oxidation by diamide can induce
nol (Costantini et al., 1998). Because of the lack ofthe permeability transition under conditions where the
inhibition by N-ethylmaleimide and because copper-pyridine nucleotides pool is demonstrably reduced
o-phenanthroline is membrane-impermeant (and,(Costantini et al., 1996). Oxidized glutathione is proba-
therefore, unlikely to directly affect matrix glutathi-bly the immediate oxidant of the S-site and many pore

inducers (like organic hydroperoxides and hydrogen one), this site appears to be distinct from the S-site.
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Phosphate conformation (Schultheiss and Klingenberg, 1984). A
causal link between the M ANT conformation and the
PTP closed state is strengthened by the observation thatH+ extrusion by the mitochondrial respiratory

chain builds up both a transmembrane electrical poten- ADP also stabilizes the ANT in the M conformation
(Scherer and Klingenberg, 1974). This issue will betial and an inside alkaline pH gradient, which can be

as high as 2100 mV in the absence of weak acids further discussed below.
(see, e.g., Bernardi and Pietrobon, 1982). Subsequent
addition of Pi leads to its accumulation with matrix
pH decrease and proportional increase of membrane Cyclosporin A and Cyclophilin D
potential, both conditions that favor PTP closure and
should, therefore, prevent the permeability transition. In 1987, Fournier et al. reported that, in the pres-

ence of Cyclosporin A (CsA), mitochondria accumu-Yet, Pi is a potent inducer of the permeability transition
through a mechanism that remains unclear. There is late large Ca21 loads that would otherwise collapse

the membrane potential and cause Ca21 efflux becauseno compelling evidence that Pi directly binds to the
pore and it is generally assumed that Pi acts by modu- of a “membrane damage” (Fournier et al., 1987). Inhi-

bition of PTP opening by CsA was subsequently dem-lating other PTP regulators. It has been proposed that
Pi may favor PTP opening, in part at least, by caus- onstrated (Crompton et al., 1988; Broekemeier et al.,

1989). Today CsA is used as a diagnostic tool for theing a decrease of intramitochondrial free [Mg21]
(Petronilli et al., 1993) or [ADP] (Kunz et al., 1981; characterization of the PTP in isolated mitochondria

and in living cells and organs. However, it must beLapidus and Sokolove, 1994).
kept in mind that CsA does not selectively act on
mitochondria, but also inhibits other cellular functions.

Most biological effects of CsA are mediated byLigands of the Adenine Nucleotide Translocator
its binding to a family of intracellular receptors, the
cyclophilins, which all possess peptidyl-prolyl-cis–Together with Mg21 and H+, adenine nucleotides

were the earliest PTP inhibitors to be identified. ADP is trans-isomerase activity (reviewed by Galat and
Metcalfe, 1995). Immunosuppression is due to themore effective than ATP, while AMP has only marginal

effects (see Zoratti and Szabo, 1995 for review). Ca21–calmodulin-dependent binding of the CsA–
cyclophilin complex to calcineurin, a cellular phospha-Agents known to deplete the matrix adenine nucleo-

tides pool (e.g., PPi or phospho enol pyruvate) favor tase, which becomes inhibited. Calcineurin inhibition,
in turn, prevents dephosphorylation of transcriptionalthe permeability transition (Peng et al., 1974; Hunter

and Haworth, 1979a; Asimakis and Sordahl, 1981; activators that cannot translocate to the nucleus in
the phosphorylated form, preventing transcription ofVercesi and Lehninger, 1984), and patch-clamp experi-

ments confirmed that ADP acts on the matrix side of specific genes of activated T cells (Emmel et al., 1989).
Calcineurin inhibition is not involved in pore modula-the pore (Szabo and Zoratti, 1992). It is generally

assumed that the inhibitory action of ADP involves tion since N-MethylVal-4-cyclosporin, a derivative that
binds cyclophilin but not calcineurin (Schreier et al.,interactions with the adenine nucleotide translocator

(ANT). This proposal is supported by the finding that 1993), is as effective as CsA at PTP inhibition (Nicolli
et al., 1996).exogenous ANT ligands such as carboxyatractylate

and bongkrekate also regulate the permeability transi- Mitochondria possess a unique matrix cyclophi-
lin, cyclophilin D (Woodfield et al., 1997), but appar-tion. Although both carboxyatractylate and bongkrek-

ate inhibit ADP–ATP exchange, the former favors PTP ently no other cyclosporin-binding proteins (Nicolli et
al., 1996). The most plausible hypothesis concerningopening while the latter inhibits it. Since there is no

relation between ANT activity and the PTP open– pore inhibition by CsA is that cyclophilin binding to
the matrix side of the PTP favors its opening and thatclosed state, it has been proposed that the PTP may

rather be regulated by the ANT conformational CsA indirectly causes pore closure through unbinding
of cyclophilin D after formation of the CsA–changes resulting from atractylate and bongkrekate

binding. Indeed, the PTP inducer carboxyatractylate cyclophilin D complex (Connern and Halestrap, 1996;
Nicolli et al., 1996). The peptidyl-prolyl-cis–trans-stabilizes the ANT in the “C” (for cytosol-facing) con-

formation while the PTP inhibitor bongkrekate stabi- isomerase activity of cyclophilins is inhibited as a
result of CsA binding, but this enzymatic activity islizes the ANT in the “M” (for matrix-facing)
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probably not essential for PTP modulation by cycloph- bation medium (E. Fontaine et al., unpublished
observations).ilin D, since diethylpyrocarbonate promotes pore open-

ing at concentrations that fully inhibit the peptidyl- Importantly, ubiquinone 5 (which does not affect
the PTP per se), specifically counteracts the inhibitoryprolyl-cis–trans-isomerase activity of cyclophilin D

(Nicolli et al., 1993). effect of ubiquinone 0 or decylubiquinone, but not that
of CsA (Fontaine et al., 1998b). This is a critical result
that can be most easily explained by postulating the
existence of a quinone-binding site on the pore, whichUbiquinones and Electron Flux Through

Complex I would be shared by active and inactive ligands, sepa-
rate structural features being required for binding and
for pore inhibition. The scheme of Fig. 1 depicts ourWe have recently described a novel mechanism

of PTP regulation related to respiratory chain complex current model to explain how quinones may regulate
the PTP open–closed transitions. We hypothesize thatI activity. An increased probability of pore opening is

observed in skeletal muscle mitochondria when elec- the PTP can exist in a liganded state with either inactive
or inhibitory quinones, which, in turn, would confertron flux increases through complex I (but not through

complex II, III or IV), with an effect that is not related different conformations to the pore resulting in a differ-
ent accessibility to Ca21, the Ca21-binding sites beingto hydrogen peroxide production (Fontaine et al.,

1998a). The inducing effect of complex I activity can less accessible when the PTP is liganded with inhibi-
tory quinones. These conformations are in equilibriumbe clearly dissociated from oxidation of pyridine nucle-

otides. Indeed, for comparable redox and membrane according to the relative membrane concentration of
quinones and to their binding affinities, which remainpotentials PTP opening in the presence of Pi is reached

after accumulation of much lower Ca21 loads when undefined. In this scenario, addition of a limited Ca21

load is more likely to open the PTP in the conformationmitochondria are energized with complex I rather than
complex IV substrates (Fontaine et al., 1998a). Similar liganded with inactive quinones, while a higher Ca21

load is required to access the Ca21-binding site(s) inresults can be observed after Ca21 loading followed
by oxidation with either diamide or tert-butylhydroper- the conformation liganded with inhibitory quinones.

Thus, the PTP open–closed transitions can be modu-oxide (E. Fontaine and P. Bernardi, unpublished obser-
vations). PTP modulation by electron flux through lated by either increasing the Ca21 load or by displac-

ing the inhibitory quinone(s).complex I is most easily observed in skeletal muscle
mitochondria, but this type of regulation is also present This model can also easily explain why increased

electron flux through complex I favors PTP opening.in liver mitochondria (Fontaine et al., 1998a,b).
We have recently discovered that some quinones, Indeed, if we assume that endogenous ubiquinones

bind the PTP, stabilizing it in the closed conformation,such as ubiquinone 0 and decylubiquinone, are potent
PTP inhibitors (Fontaine et al., 1998b). Inhibition is increasing electron flux within complex I may displace

ubiquinones from this site, increasing, in turn, the poreobserved irrespective of the method used to induce the
permeability transition, indicating that these quinones open probability. If such a hypothesis is confirmed,

endogenous ubiquinones should be viewed as endoge-are general pore inhibitors (Fontaine et al., 1998b).
Based on the Ca21 retention capacity of rat liver mito- nous PTP regulators (see below).
chondria, ubiquinone 0 is as effective as CsA when
mitochondria are energized with succinate and more
potent than CsA when mitochondria are energized with NATURE OF THE PERMEABILITY

TRANSITION POREglutamate and malate. Decylubiquinone is somewhat
less potent but, unlike ubiquinone 0, it does not in-
hibit respiration. The optimal concentration for PTP The molecular nature of the PTP remains

unsolved. The existence of more than one permeabilityinhibition is about 50 mM for ubiquinone 0 and 100
mM for decylubiquinone (corresponding to 50–100 pathway remains a clear possibility, although the gen-

eral dependence on voltage and matrix pH, and thenmol 3 mg protein21) when these compounds are
added directly to the assay medium (Fontaine et al., inhibition by CsA, suggest that the PTP may be a

single molecular entity. We think that any candidate1998b), but much lower amounts are required (down
to less than 10 nmol 3 mg protein21) when quinones PTP proteins should impart to membrane permeabili-

zation in reconstituted systems all of the basic regula-are added to mitochondria before dilution in the incu-
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Fig. 1. Model for PTP regulation by ubiquinones. The open space between the two parts of the PTP denotes the open
state of the pore. For an explanation, see text.

tory features established with isolated mitochondria, a exhibit Ca21-dependent and CsA-sensitive high-con-
condition that has thus far not been met. Below we ductance channel activity when reconstituted in planar
discuss some results suggesting involvement of the lipid bilayers. These preparations also catalyze Ca21-
ANT, of respiratory chain complex I, and of multiple dependent and CsA-sensitive ATP and malate diffusion
protein–protein interactions in the regulation of perme- after incorporation in proteoliposomes (Beutner et al.,
ability transition. 1996). It must be mentioned, however, that these frac-

tions contain a number of other proteins and that the
most active among them were not enriched in ANT
or porin (Beutner et al., 1996).The Permeability Transition and the Adenine

Halestrap and co-workers have found that theNucleotide Translocator
ANT binds to cyclophilin D both in detergent extracts
of mitochondria and after purification (Woodfield etBased on the effects of selective ANT inhibitors
al., 1998), but the relevance of these observations to(carboxyatractylate and bongkrekate) and of ADP, it
PTP regulation remains questionable. We note that: (i)has been suggested that the pore might be formed by
in these experiments, cyclophilin D also bound a largethe ANT itself (Halestrap and Davidson, 1990). Direct
number of other proteins, which could equally wellelectrophysiological evidence shows that ANT recon-
represent PTP components; (ii) after most proteins hadstituted in giant liposomes exhibits a high-conductance
been released by high concentrations of detergent andchannel activity that is stimulated by Ca21 and displays
NaCl, several proteins other than the ANT remainedthe gating effects and voltage-dependence expected of
bound to cyclophilin D in a CsA-inhibitable mannerthe PTP (Brustovetsky and Klingenberg, 1996). It must
(see Fig. 3A in Woodfield et al., 1998); (iii) oncebe mentioned, however, that such reconstituted channel
bound to cyclophilin D, the ANT could not be elutedis not inhibited by CsA (Brustovetsky and Klingen-
with CsA, an observation that is hard to reconcile withberg, 1996). Proteinaceous complexes prepared by
the ready inhibition of the PTP by CsA in mitochon-extraction of mitochondria with low concentrations of

detergent, and enriched in hexokinase, porin, and ANT, dria; (iv) binding of the ANT to cyclophilin D was
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reduced by treatment with both carboxyatractylate and conformation (Yamaguchi et al., 1998). Also the transi-
tion between the active and inactive states of thebongkrekate, which affect the PTP in opposite direc-

tions; and (v) cyclophilin D bound equally well ANT enzyme is accompanied by changes of conformation
that make the inactive form very sensitive to Ca21,purified from rat liver or yeast, yet the permeability

transition is not inhibited by CsA in yeast mitochondria alkaline pH, and N-ethylmaleimide (Kotlyar et al.,
1992), a finding that suggests the existence of a regula-(Jung et al., 1997).

On balance, we think that a direct–or exclusive– tory Ca21-binding site in complex I.
To assess whether Ca21 regulates complex I activ-involvement of the ANT in PTP formation has not been

convincingly demonstrated. Furthermore, one should ity in intact mitochondria, we measured the rate of
oxygen consumption by rat liver mitochondria incu-wonder why, besides carboxyatractylate and bongkrek-

ate, no other pore inducers and inhibitors (including bated in a sucrose-based medium supplemented with
1 mM CsA and 2 mM Mg21 to prevent PTP openingCsA) affect the activity and the conformation of the

ANT. In our opinion, an indirect effect of the ANT on (which would be followed by Ca21 release). Mitochon-
dria were incubated with either succinate plus rotenonethe pore appears more likely. Since the ANT is the

single most abundant inner membrane protein, its “C”– (Fig. 2, panel A) or with glutamate plus malate (Fig.
2, panel B). In the case of succinate oxidation, the“M” transition may profoundly affect general mem-

brane properties like the surface potential. Thus, it addition of a Ca21 pulse was followed by a respiratory
stimulation of the same magnitude of that elicited byremains possible that the carrier conformation affects

the pore indirectly through modulation of the putative the addition of uncoupler (compare traces a and b).
Upon completion of Ca21 accumulation (not shown),PTP voltage sensor (Bernardi et al., 1994).
respiration returned to basal levels and could be stimu-
lated by the addition of uncoupler in the presence of
the uniporter inhibitor ruthenium red (trace b) to theThe Permeability Transition and Respiratory

Complex I same final rate as that maintained by mitochondria that
had not accumulated Ca21 (trace a). A completely
different picture was observed when glutamate andOur recent results on PTP regulation by complex

I and its inhibition by specific quinones suggest an malate were oxidized. In this case, (i) the rate of respi-
ration measured after the addition of Ca21 was signifi-involvement of complex I in the permeability transition

(Fontaine et al., 1998a,b). Composed of 42 subunits, cantly slower than the uncoupled rate in the absence
of Ca21 accumulation (compare traces d and c); andcomplex I is the largest respiratory chain complex in

mammals. Its regulation is far from understood, to the (ii) the uncoupler-stimulated respiration remained well
below the rate measured in the absence of Ca21 accu-point that Vinogradov considers it likely that not all

of its functions are presently known (Vinogradov, mulation. This decreased activity of complex I was
not due to a leak of NADH through open pores, since1993). Of particular relevance to the present discussion

is the interconversion between inactive and active no PTP opening took place in these protocols, as
assessed by lack of swelling (Figure 2, inset). Further-forms of the enzyme that can be easily observed in

submitochondrial particles (Kotlyar and Vinogradov, more, respiratory inhibition could not be prevented by
added NADH (not shown). These experiments indicate1990; Kotlyar et al., 1992). The major determinant in

the process of inactivation is temperature, in the sense that complex I is inhibited by Ca21 in intact mitochon-
dria, an effect that could be due to transition to thethat incubation at increasing temperatures between 25

and 408C is accompanied by a rapid decrease of the “inactive” form of the enzyme. Whether or not this
interconversion will prove relevant to PTP regulation,rotenone-sensitive NADH-ubiquinone reductase activ-

ity but not of the rotenone-insensitive NADH-ferricya- we find it remarkable that Ca21, pH, N-ethylmalei-
mide, NADH, and complex I turnover are also well-nide or NADH-hexammineruthenium (III) reductase

activities (Vinogradov, 1993, 1998). The inactive characterized modulators of the PTP.
Endogenous ubiquinone is involved in redox reac-enzyme can be converted back to the active form by

NADH when ubiquinone is the electron acceptor, indi- tions in complex III (Q cycle), and acts as an electron
shuttle between complexes I, II, and III (see Ernstercating that the enzyme is activated by its own turnover

(Vinogradov, 1993 and references therein). NADH and Dallner, 1995 for review). The total number of
ubiquinone-binding sites in the respiratory chain hasbinding modifies the proteolytic pattern of complex I,

suggesting that NADH binding modifies complex I not been defined with certainty, but in the case of
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Fig. 2. Effect of Ca21 on the maximal rate of respiration with Complex II or Complex I respiratory substrates.
The incubation medium contained 250 mM sucrose, 1 mM Pi–Tris, 10 mM Tris–MOPS, 2 mM MgCl2, and
1 mM CsA in traces a-e, while CsA was omitted in trace f. Final volume, 2 ml, pH 7.35, 258C. In Panel
(A), the substrate was 5 mM succinate–Tris plus 2 mM rotenone, while in Panel (B) and in Inset the substrates
were 5 mM glutamate–Tris and 2.5 mM malate–Tris. Experiments were started by the addition of 2 mg
mitochondria (not shown). Where indicated, 500 mM Ca21, 1 mM ruthenium red (RR), and 400 nM CCCP
were added. Panel (A) and (B), mitochondrial oxygen consumption; Inset, represents mitochondrial absorbance
at 540 nm.

complex I, at least two bindings sites have been identi- and functioning of the 42-subunit complex I, and possi-
bly in the interconversion between its active and inac-fied (Di Virgilio & Azzone, 1982; Degli Esposti et al.,

1996). At the level of the first binding site, ubiquinone tive conformations, should be investigated. We find it
striking that Saccharomyces cerevisiae mitochondria,is reduced in a rotenone-sensitive manner during a

process that couples electron flux to proton extrusion. which lack a classical Ca21- and CsA-sensitive perme-
ability transition (Jung et al., 1997) also lack complexAt the level of the second binding site, ubiquinone

is reduced in a rotenone-insensitive manner during a I, but not the ANT (de Vries and Marres, 1987).
process that is not coupled to proton translocation.
Whether PTP inhibition by ubiquinone 0 or decyl-
ubiquinone is due to binding to either or both of these Protein Interactions in the Regulation of the

Permeability Transitionsites remains unknown, but there can be little doubt
that complex I represents an obvious candidate for the
pore inhibitory effects of these quinones. Although the permeability transition is primarily

an inner membrane event, this does not exclude inter-In summary, we note (i) that both PTP and com-
plex I are affected by matrix pH and electron flux in actions with other proteins not located in the inner

membrane. It is striking that overexpression of Bcl-2complex I, and both possess NADH-, ubiquinone-, and
divalent cation-binding sites; (ii) that the transmem- (an antiapoptotic member of the Bcl protein superfam-

ily that largely localizes to the outer mitochondrialbrane voltage—a major parameter regulating the PTP
open–closed transitions—is obviously a key element membrane, Riparbelli et al., 1995) appears to prevent

induction of the permeability transition following spe-in the control of the complex I proton pumping activity
and of the coupled electron transfer reactions; and (iii) cific stimuli (Susin et al., 1996); and conversely, that

overexpression of bax (a proapoptotic member of thethat a role for cyclophilin D in the proper assembly
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same family) promotes cell death, which appears to mouse model of familial amyotrophic lateral sclerosis
(Matthews et al., 1998). It is important to note thatcorrelate with onset of the permeability transition (Pas-

torino et al., 1998). In general, it appears conceivable feeding rats a diet supplemented with ubiquinone 50
leads to a significant increase in the concentration ofthat the permeability transition may be affected by

complex and dynamic interactions between inner and ubiquinone 50 in cerebral cortex mitochondria (Mat-
thews et al., 1998).outer membrane components; and that complex I (and/

or the ANT) may either play a structural role in channel It is generally proposed that the protective effects
of ubiquinone 50 are related to its free radical scaveng-formation or a regulatory role in its open–closed transi-

tions. It is of interest that the PTP may also be regulated ing activity in the mitochondrial inner membrane. If
PTP opening plays a key role in cell death, particularlyby protein–protein interactions from the matrix

(through cyclophilin D, Connern and Halestrap, 1996; in neurodegenerative diseases (Beal, 1998; Schapira,
1998), the hypothesis that endogenous ubiquinonesNicolli et al., 1996), the intermembrane space (through

creatine kinase, O’Gorman et al., 1997), and the cyto- may regulate PTP opening in vivo should also be con-
sidered. Our recent finding that exogenous ubiquinonessol (through hexokinase, Beutner et al., 1996).
increase the Ca21 retention capacity in isolated mito-
chondria (Fontaine et al., 1998a,b) indicates that the
PTP–ubiquinone-binding sites are not saturated and,UBIQUINONES, DISEASE, AND AGING
therefore, that the PTP can, in principle, be affected
by dietary quinones in vivo. In this context, we alsoThe discovery that ubiquinones can regulate the

PTP may open new perspectives in the pharmacologi- note that the ubiquinone 50 content is significantly
higher in human colorectal neoplasms than in normalcal modulation of the PTP in vivo. This finding can

also shed new light on experimental results showing colorectal mucosa (Palazzoni et al., 1997). Thus, ubiq-
uinone 50 increases in immortalized cells, while itthat ubiquinones play a role in aging and disease.

The content of endogenous ubiquinones (mainly decreases in aging and in degenerative diseases. These
data suggest that the content of ubiquinone 50 corre-ubiquinone 45 in rodents and ubiquinone 50 in man)

decreases with aging both in human tissues (Kalen et lates with the cell’s life-span, and we feel that it is
worth exploring the possible contribution of the PTPal., 1989; Soderberg et al., 1990; Edlund et al., 1992)

and in rat liver and heart mitochondria (Genova et status to this correlation.
al., 1995). Furthermore, the level of ubiquinone 50 is
significantly lower in platelet mitochondria obtained
from Parkinson patients than from age- and sex- PERSPECTIVES
matched control subjects (Shults et al., 1997), sug-
gesting that endogenous ubiquinones may delay cell In this short review, we have discussed the regula-
degeneration. tion of the PTP by pathophysiological effectors, with

On the other hand, ubiquinone 50 protects cul- special emphasis on the regulatory role of complex I as
tured neurons against glutamate toxicity (Favit et al., well as on modulation by endogenous and exogenous
1992) and against degeneration induced by mumps ubiquinones. The development and screening of novel
virus (Edlund et al., 1994). Pretreatment of rats or pore modulators based on the quinone structure is cur-
rabbits with ubiquinone 50 protects hearts against isch- rently under way in our laboratories. Testing their
emia/reperfusion damage (Takeo et al., 1987; Cresta- effects in models of cell death in vitro and in vivo
nello et al., 1996), and improves cardiac function in should improve our understanding of pore modulation
rats with chronic heart failure (Sanbe et al., 1994). Oral and provide further clues to its role in cellular life
administration of ubiquinone 50 to rats also markedly and death.
attenuates the striatal lesions produced by systemic
administration of 3-nitropropionic acid (Matthews et
al., 1998) or by intrastriatal administration of amino- REFERENCES
oxyacetic acid (Brouillet et al., 1994) or malonate
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Kunz, W., Bohnensack, R., Böhme, G., Küster, U., Letko, G., andSurg. 111, 443–450.

Schönfeld, P. (1981). Arch. Biochem. Biophys. 209, 219–229.Crompton, M., Costi, A., and Hayat, L. (1987). Biochem. J. 245,
Lapidus, R. G., and Sokolove, P. M. (1992). FEBS Lett. 313,915–918.

314–318.Crompton, M., Ellinger, H., and Costi, A. (1988). Biochem. J.
Lapidus, R. G., and Sokolove, P. M. (1994). J. Biol. Chem. 269,255, 357–360.

18931–18936.de Vries, S., and Marres, C. A. (1987). Biochim. Biophys. Acta
Massari, S., and Azzone, G. F. (1972). Biochim. Biophys. Acta895, 205–239.

283, 23–29.Degli Esposti, M., Ngo, A., McMullen, G. L., Ghelli, A., Sparla,
Matthews, R. T., Yang, L., Browne, S., Baik, M., and Beal, M. F.F., Benelli, B., Ratta, M., and Linnane, A. W. (1996). Biochem.

(1998). Proc. Natl. Acad. Sci. U. S. 95, 8892–8897.J. 313, 327–334.
Nicolli, A., Basso, E., Petronilli, V., Wengers, R. M., and Bernardi,Di Virgilio, F., and Azzone, G. F. (1982). J. Biol. Chem. 257,

P. (1996). J. Biol. Chem. 271, 2185–2192.4106–4113.
Nicolli, A., Petronilli, V., and Bernardi, P. (1993). BiochemistryEdlund, C., Soderberg, M., Kristensson, K., and Dallner, G. (1992).

32, 4461–4465.Biochem. Cell. Biol. 70, 422–428.
O’Gorman, E., Beutner, G., Dolder, M., Koretsky, A. P., Brdiczka,Edlund, C., Holmberg, K., Dallner, G., Norrby, E., and Kristensson,

D., and Wallimann, T. (1997). FEBS Lett. 414, 253–257.K. (1994). J. Neurochem. 63, 634–639.
Palazzoni, G., Pucello, D., Littarru, G. P., Nardone, L., Marin, A.Emmel, E. A., Verweij, C. L., Durand, D. B., Higgins, K. M., Lacy,

W., and Romagnoli, A. (1997). Rays 22, 73–76.E., and Crabtree, G. R. (1989). Science 246, 1617–1620.
Pastorino, J. G., Chen, S. T., Tafani, M., Snyder, J. W., and Farber,Eriksson, O., Fontaine, E., Petronilli, V., and Bernardi, P. (1997).

J. L. (1998). J. Biol. Chem. 273, 7770–7775.FEBS Lett. 409, 361–364.
Pastorino, J. G., J. W. Snyder, A. Serroni, J. B. Hoek, and J. L.Eriksson, O., Fontaine, E., and Bernardi, P. (1998). J. Biol. Chem.

Farber. (1993). J. Biol. Chem. 268, 13791–13798.273, 12669–12674.
Peng, C. F., Price, D. W., Bhuvaneswaran, C., and Wadkins, C. L.Ernster, L., and Dallner, G. (1995). Biochim. Biophys. Acta.

(1974). Biochem. Biophys. Res. Commun. 56, 134–141.1271, 195–204.
Petronilli, V., Cola, C., and Bernardi, P. (1993). J. Biol. Chem.Favit, A., Nicoletti, F., Scapagnini, U., and Canonico, P. L. (1992).

268, 1011–1016.J. Cereb. Blood. Flow Metab. 12, 638–645.
Petronilli, V., Costantini, P., Scorrano, L., Colonna, R., Passamonti,Fontaine, E., Eriksson, O., Ichas, F., and Bernardi, P. (1998a). J.

Biol. Chem. 273, 12662–12668. S., and Bernardi, P. (1994a). J. Biol. Chem. 269, 16638–16642.



Mitochondrial Permeability Transition Pore 345

Petronilli, V., Nicolli, A., Costantini, P., Colonna, R., and Bernardi, Susin, S. A., Zamzami, N., Castedo, M., Hirsch, T., Marchetti, P.,
Macho, A., Daugas, E., Geuskens, M., and Kroemer, G. (1996).P. (1994b). Biochim. Biophys. Acta. 1187, 255–259.
J. Exp. Med. 184, 1331–1341.Petronilli, V., Miotto, G., Canton, M., Brini, M., Colonna, R.,

Szabo, I., and Zoratti, M. (1991). J. Biol. Chem. 266, 3376–3379.Bernardi, P., and Di Lisa, F. (1999). Biophys. J., 76, 725–754.
Szabo, I., and Zoratti, M. (1992). J. Bioenerg. Biomembr. 24,Petronilli, V., Szabo, I., and Zoratti, M. (1989). FEBS Lett. 259,

111–117.137–143.
Szabo, I., and Zoratti, M. (1993). FEBS Lett. 330, 201–205.Pfeiffer, D. R., Schmid, P. C., Beatrice, M. C., and Schmid, H. H.
Szabo, I., Bernardi, P., and Zoratti, M. (1992). J. Biol. Chem.(1979). J. Biol. Chem. 254, 11485–11494.

267, 2940–2946.Rigobello, M. P., Barzon, E., Marin, O., and Bindoli, A. (1995).
Szabo, I., De Pinto, V., and Zoratti, M. (1993). FEBS Lett. 330,Biochem. Biophys. Res. Commun. 217, 144–149.

206–210.Riparbelli, M. G., Callaini, G., Tripodi, S. A., Cintorino, M., Tosi,
Takeo, S., Tanonaka, K., Tazuma, Y., Miyake, K., and Murai, R.P., and Dallai, R. (1995). Exp. Cell. Res. 221, 363–369.

(1987). J. Pharmacol. Exp. Ther. 243, 1131–1138.Sanbe, A., Tanonaka, K., Niwano, Y., and Takeo, S. (1994). J.
Vercesi, A., and Lehninger, A. L. (1984). Biochem. Biophys. Res.Pharmacol. Exp. Ther. 269, 51–56.

Commun. 118, 147–153.Schapira, A. H. (1998). Biochim. Biophys. Acta 1366, 225–233.
Vinogradov, A. D. (1993). J. Bioenerg. Biomembr. 25, 367–375.Scherer, B., and Klingenberg, M. (1974). Biochemistry 13, Vinogradov, A. D. (1998). Biochim. Biophys. Acta 1364, 169–185.

161–170. Woodfield, K. Y., Price, N. T., and Halestrap, A. P. (1997). Biochim.
Schreier, M. H., Baumann, G., and Zenke, G. (1993). Transplant. Biophys. Acta 1351, 27–30.

Proc. 25, 502–507. Woodfield, K., Rück, A., Brdiczka, D., and Halestrap, A. (1998).
Schultheiss, H. P., and Klingenberg, M. (1984). Eur. J. Biochem. Biochem. J. 336, 287–290.

143, 599–605. Yamaguchi, M., Belogrudov, G. I., and Hatefi, Y. (1998). J. Biol.
Scorrano, L., Petronilli, V., and Bernardi, P. (1997). J. Biol. Chem. Chem. 273, 8094–8098.

272, 12295–12299. Zamzami, N., Marchetti, P., Castedo, M., Decaudin, D., Macho,
Shults, C. W., Haas, R. H., Passov, D., and Beal, M. F. (1997). A., Hirsch, T., Susin, S. A., Petit, P. X., Mignotte, B. and

Ann. Neurol. 42, 261–264. Kroemer, G. (1995). J. Exp. Med. 182, 367–377.
Soderberg, M., Edlund, C., Kristensson, K., and Dallner, G. (1990). Zoratti, M., and Szabo, I. (1995). Biochim. Biophys. Acta 124,

139–176.J. Neurochem. 54, 415–423.


