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Abstract

Permeability of the mitochondrial outer membrane is determined by the activity of voltage-
dependent anion channels (VDAC) which are regulated by many factors and proteins. One of the
main partner-regulator of VDAC is the 18 kDa translocator protein (TSPO), whose role in the
regulation of membrane permeability is not completely understood. We show that TSPO ligands, 1
UM PPIX and PK11195 at concentrations of 50 uM, accelerate opening of permeability transition
pores (MPTP) in Ca2*-overloaded rat brain mitochondria (RBM). By contrast, PK11195 at 100
nM and anti-TSPO antibodies suppressed pore opening. Participation of VDAC in these processes
was demonstrated by blocking VDAC with G3139, an 18-mer phosphorothioate oligonucleotides,
which sensitized mitochondria to Ca2*-induced mPTP opening. Despite the inhibitory effect of
100 nM PK11195 and anti-TSPO antibodies alone, their combination with G3139 considerably
stimulated the mPTP opening. Thus, 100 nM PK11195 and anti-TSPO antibody can modify
permeability of the VDAC channel and mPTP. When VDAC channels are closed and TSPO is
blocked, permeability of the VDAC for calcium seems to be the highest, which leads to
accelerated pore opening.
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1. Introduction

Normal cell function is ensured by the coordinated exchange of metabolites between cells
and the environment as well as between intracellular compartments. Mitochondria make a
considerable contribution to cell metabolism regulation: they not only synthesize adenosine
triphosphate (ATP) for cells, but they also participate in a number of vital processes such as
Ca?* signaling, cell cycle, differentiation, and programmed cell death [1,2].

Mitochondrial metabolism requires a continuous exchange of substrates between the
cytoplasm and the mitochondrial matrix. For normal exchange, these metabolites must pass
two (the outer and inner) mitochondrial membranes. Transport across the inner impermeable
membrane for water-soluble metabolites is carried out by numerous specific protein
transporters [3-5]. Water soluble metabolites penetrate through the outer membrane into the
intermembrane space via voltage-dependent anion channels (VDAC), which plays a
significant role in maintenance of the normal exchange of metabolites between the
cytoplasm and the mitochondria [6-9]. Being major protein of the outer mitochondrial
membrane, VDAC determines permeability of these membranes [6,7]. VDAC channels are
usually opened, and the size of their pores is sufficient for the passage of all hydrophilic
metabolites involved in oxidative phosphorylation, such as pyruvate, oxaloacetate, malate,
succinate, ATP, ADP, and inorganic phosphate. In its closed state, VDAC becomes cation-
selective, and its permeability actually increases for small cations, while the channel
becomes essentially impermeable to large anions such as ATP [6,10].

VDAC closely interacts with other proteins (hexokinase, tubulin, adenine nucleotide
translocase (ANT), and translocator protein (TSPO)), which in turn influence VDAC
function. Binding of VDAC with hexokinase or tubulin results in closure (decreased
conductance) of VDAC channels [11,12]. The interaction of VDAC with ANT and TSPO
(previously known as the peripheral benzodiazepine receptor) results in the formation of a
complex. Tight interaction between TSPO and VDAC occurs during VDAC purification;
VDAC preparations are not free from TSPO [13]. TSPO is widely expressed in many
tissues, and TSPO is of great physiological significance because of its involvement in a
number of biological functions including steroid and neurosteroid synthesis, porphyrin
transport in heme biosynthesis, cellular proliferation, and apoptosis [14,15]. As part of a
complex with ANT and VDAC, which regulate the permeability of the outer and inner
membranes, TSPO may be intimately involved in the regulation of mitochondrial
membranes permeability, as well as in the initiation and regulation of apoptosis in various
cells [16,17].

TSPO is the only established receptor in mitochondria. TSPO is a highly hydrophobic
tryptophan rich protein of consisting of 169 amino acids. Topographic studies reveal that
TSPO may form clusters of 4-6 18 kDa monomers associated with one VDAC subunit [18].
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Different endogenous and synthetic TSPO ligands have been identified. Among the synthetic
TSPO ligands, two families have been mainly characterized: benzodiazepines and
isoquinoline carboxamides [15]. Benzodiazepine shows a large variability in TSPO affinity
and specificity, with Ro5-4864 (7chloro-1,3dihydro-1-methyl-5-(p-chlorophenyl)-2H-1,4-
benzodiazepine) having the highest affinity (nanomolar range) [19]. The isoquinoline
carboxamides, which differ structurally from benzodiazepines, also have a high affinity and
selectivity for TSPO. The most widely used member of this family is 1-(2 chlorophenyl)- /-
methyl-(1-methypropyl)-3-isoquinoline carboxamide (PK11195). PK11195 has an affinity in
the nanomolar range. TSPO was also named as an isoquinoline carboxamide-binding protein
due to its high specificity for TSPO. Endogenous ligands for TSPO include cholesterol and
the porphyrins (protoporphyrin IX, mesoporphyrin 1X, deuteroporphyrin 1X, hemin) [20,21].
Both cholesterol and porphyrins exhibit a very high (nanomolar) affinity for TSPO.
Cholesterol binds better to TSPO monomers than to polymers, whereas some ligands (for
example, PK11195) exhibit higher binding affinity to TSPO polymers [22]. It should be
noted that VDAC binds also cholesterol [23,24].

TSPO ligands at high concentrations (above 100 uM) can modulate oxidative stress and
mitochondrial permeability pore (mPTP) opening, which can initiate the mitochondrial
pathway to apoptosis [25]. However, it is not clear how permeability of the outer membrane
is linked to the permeability transition [26]. We suggested that PK11195 and PPIX, another
TSPO ligand, might modify VDAC activity due to the tight interaction between VDAC and
TSPO with a following modulation of the inner membrane permeability. Here, this
hypothesis was examined in experiments investigating the effect of the combined application
of PK11195 and PPIX on the induction of mPTP under conditions when VDAC channels
were opened or blocked by G3139. G3139 (Oblimersen Genasense, Bcl-2 antisense), is a
synthetic, 18-base, single-stranded phosphorothioate DNA oligonucleotide originally
designed to downregulate bc/-2 mRNA expression and is widely used as an inhibitor of
mitochondrial VDAC [27].

2. Materials and methods

2.1. Isolation of rat brain mitochondria (RBM)

Rat brains were rapidly removed (within 30 s) and placed in ice-cold solution, containing
0.32 M sucrose, 0.5 mM EDTA, 0.5 mM EGTA, 0.2% bovine serum albumin (BSA)
(fraction V), and 10 mM Tris—HCI (pH 7.4). All solutions used were ice-cold, and all
manipulations were carried out at +4 °C. The tissue was homogenized in a glass
homogenizer with a ratio of brain tissue to isolation medium of 1:10 (w/v). The homogenate
was centrifuged at 2000x g for 3 min. The mitochondrial pellet was obtained by
centrifugation of the supernatant at 12,500x g for 10 min. At the next step in representative
experiments, the mitochondria were purified on a Percoll gradient (10%-15%-24%) by
centrifugation at 31,300x g for 10 min. RBM were suspended in ice-cold solution,
containing 0.32 M sucrose and 10 mM Tris—HCI (pH 7.4) and they were additionally
washed by centrifugation at 11,500x g for 10 min. Protein concentrations in the stock
mitochondrial suspensions were 25-30 mg/mL. All animal procedures were approved by the

Arch Biochem Biophys. Author manuscript; available in PMC 2016 May 26.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Azarashvili et al. Page 4

ethics committee of the German federal state of Sachsen-Anhalt and they were conducted in
accordance with the European Communities Council Directive (86/609/EEC).

2.2. Evaluation of mitochondrial functions

The mitochondrial membrane potential was measured as described earlier [28,29] by
determining the distribution of tetra-phenylphosphonium ions (TPP*) in the incubation
medium with a TPP*-selective electrode, and Ca2* transport was determined with a Ca?*-
sensitive electrode (Nico Analyt, Moscow, Russia) in the 1 mL chamber volume.
Mitochondria (2.0 mg protein/mL) were incubated in the medium containing 125 mM KClI,
10 mM Tris—HCI, 0.4 mM KH,POy4, pH 7.4 at 25 °C. Succinate (5 mM potassium succinate)
was used as mitochondrial respiratory substrate in the presence of 2 uM rotenone (inhibitor
of complex I). In every mitochondrial preparation, threshold calcium concentration was
determined before the beginning of the experiment. mPTP opening in RBM was induced by
threshold Ca2* loading by two pulses. All tested drugs were added into the chamber to the
mitochondrial suspension before calcium.

G3139 was a generous gift from Dr. Robert Brown (Genta, Inc, Berkeley Heights, NJ,
USA). Unless otherwise stated, all chemicals used were obtained from Sigma (St. Louis,
MO, USA).

Mitochondrial parameters (CaZ* influx rate (VC32+,), lag time before Ca?* release and
Ca?*-capacity) were calculated as described previously [29]. Briefly, Ca2* influx rate
(Va2 ) revealed the slope of the Ca2*-electrode trace in the direction of decrease in Ca2*
concentration in the incubation medium after the second addition of Ca2* into mitochondrial
suspension; lag time before Ca2* release was calculated as time period between the loading
of the second Ca?* addition and subsequent Ca?*-release; CaZ*-capacity revealed maximal
Ca?* accumulation by mitochondria before PTP opening and respective Ca2*-release (See
[29] for detailed graphical representation).

For statistical analysis, data were expressed as means + standard deviations (SD) from at
least 3—4 independent experiments. Significance was determined using Student’s ztest. A
value of P< 0.05 was considered to be significant.

3. Results

3.1. Combined effect of 100 nM PK11195 and G3139 on Ca?*-induced mPTP opening in
purified RBM

Recently, we showed the presence of the TSPO in both pools of brain mitochondria
(synaptic and nonsynaptic) obtained after their purification in Percoll gradient. Among the
synthetic TSPO ligands, two families have been primarily characterized: benzodiazepines
and isoquinoline carboxamides [15]. In the present study, we used PK11195 which is the
most widely used member of isoquinoline carboxamide family. It has high affinity and
selectivity for TSPO and recognized as a specific binding drug for TSPO. Earlier we
reported that synthetic and natural TSPO ligands are able to modulate the permeability
transition in the inner membrane of Ca2*-loaded mitochondria [29-31]. We showed that
PK11195 taken at nanomolar concentration is able to prevent mPTP opening in calcium-
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overloaded mitochondria, while micromolar concentrations of PK11195 cause an
acceleration of pore opening. The involvement of TSPO in regulation of mitochondrial
membrane permeability remains incompletely understood, therefore we examined whether
the combined application of PK11195 with G3139 is able to modify permeability transition
in isolated purified nonsynaptic mitochondria.

Fig. 1 shows the combined effect of 100 nM PK11195 and G3139 on the function of RBM.
The functional state of mitochondria was determined by simultaneous measurement of A ¥,
and [Ca2*] with TPP*- and Ca2*-selective electrodes. The mitochondria maintained a high
AW, level in the presence of succinate and rotenone. As shown in Fig. 1A, the first pulse of
Ca?* (added to RBM) induced a sharp decrease in A%, (dashed line), as measured by the
membrane potential indicator TPP*. Then, restoration of A ¢, followed and at the same
time, Ca2* (solid line) rapidly accumulated into the mitochondrial matrix. However, the
second calcium addition caused irreversible decrease in A %y, and then Ca2* efflux from
mitochondrial matrix within approximately 3 min after the second pulse of Ca%*, indicating
the initiation of pore opening.

Addition of 5 uM G3139 alone stimulates induction of mPTP. The pore was also opened
after the second calcium addition, but in this case, the calcium retention time (lag time
period before pore opening) was diminished from 130 s (in control) to 70-80 s in the
presence of G3139 (Fig. 1C). Thus, closing or blocking the VDAC channel may lead to
increased Ca2* flux and the acceleration of mPTP opening. In the presence of 100 nM
PK11195 alone (Fig. 1B), suppression of mPTP opening was shown, which supports our
earlier data [28]. Calcium retention is increased from 130 s in the control to 200 s in the
presence of 100 nM PK11195. By contrast together with G3139, PK11195 displayed the
opposite effect: it stimulated mPTP opening, causing calcium release immediately after the
second calcium addition (panel D).

3.2. Effect of anti-TSPO antibody on G3139-induced activation of mPTP opening in purified

RBM

Next, we examined whether TSPO itself can be involved in the observed effect of G3139. To
assess that we used a specific anti-TSPO antibody generated against a peptide that
corresponds to a certain fragment of TSPO, (antibodies against the site
VGLTLVPSLGGFMGAYFVR [amino acids 9-27 of the TSPO sequence, placed in the first
transmembrane helix and partly in the first loop, faced into cytosol]) and examined the effect
of the anti-TSPO antibody on Ca?*-induced mPTP opening.

Fig. 2A demonstrates that in the control probe, the addition of the second calcium pulse
leads to initiation of mPTP. In the absence any additions, opening of mPTP was found to be
initiated within 150 s after the second addition of Ca2*. The effect of anti-TSPO antibody
was checked by two ways: 1) RBM were pre-incubated with TSPO antibody and then
G3139 was added; and 2) RBM were first pre-incubated with G3139, and the anti-TSPO
antibodies were added subsequently. As shown in Fig. 2C, pre-incubation of RBM with anti-
TSPO antibody with following addition of G3139 leads to the acceleration of mPTP opening
(threshold calcium concentration decreased, pore opened immediately after the second
addition, and lag time close to 50-70 s, which was similar to activation caused by PK11195
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and G3139. When RBM were first pre-incubated with G3139 and then the anti-TSPO
antibodies were added, the acceleration of MPTP opening was strengthened (Fig. 2D). Thus,
the anti-TSPO antibody is likely able to alter the permeability of the VDAC channel and
mPTP as well. When the VDAC channel is closed and TSPO is blocked, permeability of the
VDAC for calcium seems to be highest, leading to the acceleration of pore opening.

3.3. Combined effect of 50 uM PK11195 and G3139 on Ca2*-induced mPTP opening in
purified RBM

Earlier, we showed that PK11195 in a range of micromolar concentrations stimulates the
opening of mPTP [28]. Here, we verified the combined effect of 50 uM PK11195 and
G3139 on initiating the permeability transition. Fig. 3A shows that under control conditions,
the non-selective mitochondrial pore is opened following the second calcium additions, as
described earlier. The addition of 50 uM PK11195 (Fig. 3B) stimulated the opening of
mPTP, while pre-incubation of RBM with G3139 (Fig. 3C) with subsequent addition of 50
UM PK11195 did not lead to additional activation of pore opening. Thus, it is probable that
VDAC is a target of PK11195 at high concentrations of the drug.

3.4. Combined effect of PPIX and G3139 on Ca?*-induced mPTP opening in purified RBM

It was recently shown that hemin and PPIX at 5 or 10 pM reduced the VDAC conductance.
In VDAC-TSPO-ANT complex isolated from heart mitochondria and incorporated into the
lipid bilayer, hemin (2.5-10 uM) incorporation was able to change channel state from open
to closed [32]. Therefore, the effect of PPIX on mPTP opening in the presence of VDAC
blocker has been examined.

Fig. 4 shows the effects of PPIX and G3139 on Ca2* accumulation and Ca?*-induced mPTP
opening in RBM. The functional state of mitochondria was determined as described above.
As shown in Fig. 4, the second addition of Ca2* caused the initiation of mPTP opening in
the control probe and in G3139-or PPIX-treated RBM. The lag time period prior to pore
opening lasted for 12-13 min in the control (Fig. 4A), but it was shorter in the presence of
G3139 (which was 9-10 min, Fig. 4B) and in the presence of 1 uM PPIX (which was 7 min,
Fig. 4C). Used together with G3139, PPIX was able to strengthen the acceleration of PTP
opening, lowering lag time to 1 min (Fig. 4D).

3.5. Combined effect of G3139 with PK11195 and PPIX on calcium capacity in RBM

The combined effect of PK11195 and G3139 was tested on calcium capacity (Fig. 5), using
serial calcium pulses added to the mitochondrial suspension to determine threshold calcium
concentrations initiating Ca2* release and opening of mPTP. In the control experiments, a
total 7 additions of calcium (60 pM each and 420 pM in total) resulted in CaZ* efflux (Fig. 5,
trace a), whereas in the presence of G3139 6 additions of calcium (360 uM Ca?*) led to
mPTP opening (Fig. 5, trace b). Only 5 calcium additions (300 uM Ca2*) caused pore
opening in the presence of PPIX plus G3139 (Fig. 5, trace c¢), and 4 calcium additions (240
UM Ca?*) were enough to cause Ca?* release in the presence of both 100 nM PK11195 and
G3139 (Fig. 5, trace d).
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The comparative summary data on the effect of PK11195, PPIX and G3139 on the
parameters of mPTP opening — such as the Ca2* uptake rate, lag time period and calcium
capacity — are demonstrated in Fig. 6, where the characteristics of mPTP opening in control
were taken as 100%. The diagram shows that the presence of G3139 alone causes a decrease
in all parameters tested, which is evidence of stimulation of mPTP opening. Nanomolar
concentrations of PK11195 retained calcium accumulation ability, increased threshold
[Ca?*] and lag time, and lead to prevention of mPTP opening. On the contrary, PK11195 in
combination with G3139 lost its inhibitory effect, decreasing calcium accumulation and
retention, as well as amount of calcium required for mPTP induction. PPIX also decreased
threshold [Ca2*] and lag time, causing an induction of mPTP. Taken together, PP1X and
G3139 are able to strengthen one another’s effects, decreasing threshold [Ca%*] and
retention of calcium in the matrix. However, the strongest effect was established for 100 nM
PK11195 combined with G3139. The mechanism of action underlying mPTP induction
remains unclear; however, the data allowed us to suggest that an interaction between TSPO
and VDAC might considerably strengthen the action of TSPO ligands.

4. Discussion

The main properties of VDAC are associated with the permeability of the outer membrane in
mitochondria. Structural studies reveal VDAC as a beta barrel composed of 19 -strands
[33-35]. A single 30-32 kDa polypeptide forms the channel [36]. In the open state, VDAC
is anion selective and permeable to multivalent anionic metabolites [37,38]. In the closed
state, the pore size diminishes, and the channel comes cation selective [39]. There is
evidence suggesting that VDAC’s opening/closure is linked to apoptosis. VDAC closure
blocks the ingress and egress of ATP from mitochondria [40]. The subsequent changes in
cytosolic ATP levels could act as a signal. The voltage gating process of VDAC controls not
only the flux of metabolites, but it also regulates the flux of calcium ions. Ca2* flux into
mitochondria through VDAC can lead to induction of mPTP opening and subsequent
initiation of apoptosis. Although VDAC has some permeability to Ca2* in its normal open
state, after VDAC closure the permeability to Ca2* can be increased by up to 10 times [41].
Thus, this gating suggests that Ca2* normally permeates through the cation-selective closed
VDAC channels in mitochondria. Therefore, regulation of the opening/closing of VDAC
might serve as a control site through which to regulate the opening of mPTP and to initiate
apoptosis. The permeability of VDAC is determined not only by membrane voltage, but also
its conductance state determined, in part, by associated regulatory proteins such as G-actin
[42], Bcl-XL [43], hexokinase and tubulin [11,12]. Additionally, TSPO, which resides in the
outer mitochondrial membrane, is also able to interact tightly with VDAC, modulating
VDAC conductance and mitochondrial function under a variety of physiologic and
pathophysiologic conditions [25], including apoptosis [16,17] and stress adaptation [44]. It
has been proposed that the major function of TSPO is to transport small molecules,
including cholesterol and intermediates of heme biosynthesis, into or out of the
mitochondria for different metabolic pathways [14,15,45]. In addition, TSPO has been found
to be strongly expressed in areas of brain injury and inflammation [46], in aggressive
cancers [25,47] as well as in the brains of Alzheimer and Huntington disease patients.
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Earlier pharmacological and biochemical studies together with recent structural data support
TSPQO’s ability to bind numerous classes of drugs and endogenous ligands, including
cholesterol and porphyrins [15,20,48-51]. While the pharmacology of TSPO is broadly
accepted, the genetics of TSPO is more controversial. TSPO is an ancient protein highly
conserved in all domains of life [52], suggesting an essential role.

TSPO ligands have potential diagnostic and therapeutic applications [16,25]. The best-
characterized ligand of TSPO is PK11195, which binds to TSPO with nanomolar affinity in
many species [13,53,54]. PK11195 is used as a biomarker in positron emission tomography
to visualize brain inflammation in patients with neuronal damage [46,55,56].

The initiation of apoptosis is usually preceded by the loss of the mitochondrial membrane
potential (A%,), high-amplitude swelling of the mitochondria, and apoptotic factor release,
which are found during the permeability transition pore opening. Until now, the exact
composition of the pore complex has not been established, but it is clear that increased
permeability of the inner membrane also depends on the permeability of the outer
mitochondrial membrane.

Recently, we showed that TSPO synthetic ligands such as PK11195 and R05-486, as well as
endogenous ligand PPIX were able to modulate the permeability of the inner membrane,
mPTP [29]. The involvement of TSPO in the regulation of the inner mitochondrial
membrane permeability is questionable and poorly understood. Therefore, we examined
whether combined application of PK11195 with G3139 is able to modify the permeability
transition in isolated purified nonsynaptic mitochondria, since G3139 (a phosphorothioate
oligonucleotides) is the most effective specific inhibitor of VDAC yet identified. Normal
VDAC closure results in partial conductance loss, with remaining VDAC conductance to
small electrolytes at a level 40-60% of that found in the open state. G3139 induces rapid
gating with long-lived closing events. In the presence of G3139, the extent of closure is
much greater and represents a complete loss of VDAC conductance. G3139 acts directly on
VDAC, preferentially from one side of the channel, showing one-to-one binding of G3139 to
VDAC [27]. The functional state of mitochondria was determined via the simultaneous
measurement of A%, and Ca2* fluxes with TPP*- and Ca%*-selective electrodes. Our
experiments demonstrate that PK11195 at nanomolar concentration suppressed the initiation
of mPTP in Ca2*-overloaded RBM (Fig. 1), increasing lag time before Ca2*-induced
calcium release, while micromolar concentrations of PK11195 accelerated pore opening in
Ca?*-overloaded RBM.

The addition of 5 pM G3139 alone stimulated the induction of mPTP in nonsynaptic brain
mitochondria, diminishing its calcium retention time (the lag time before pore opening)
almost by 2-fold. This is in agreement with finding that G3139 blocks VDAC when the
channel is in its open state. Earlier, treatment of isolated rat liver mitochondria with 5 uM
G3139 was also shown to cause the acceleration of mPTP opening [57].

Thus, closing or blocking the VDAC channel may lead to increased Ca?* flux and the
acceleration of mMPTP opening. Calcium retention time increased from 130 s in control to
200 s in the presence of 100 nM PK11195 (Fig. 1B). Interestingly in spite of the preventive
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effect of 100 nM PK11195 alone, the combination with G3139, PK11195 led to the opposite
effect and stimulated mPTP opening, lowered the threshold calcium concentration and
decreased the lag time period almost by 5-fold. It might be important in cancer cells for their
growth suppression using low specific concentrations of PK11195 in complex with G3139.

We also checked whether TSPO itself participates in PK11195-dependent effect. For that,
anti-TSPO antibody was used which is able to prevent mPTP opening [29]. This effect is
specific, because both fatty acid free BSA and an unrelated antibody has no effect on the
Ca?*-induced mPTP opening. However, in complex with G3139, the anti-TSPO antibody
exhibits pore stimulating effects similar to the combined effect of 100 nM PK11195 and
G3139 (Fig. 2). PK11195 was shown to interact mainly on the first half of the loop 1 of
TSPO [58] as well as anti TSPO antibody. That allowed us to suggest that loop 1 and
transmembrane helix 1 are probably participate in the effect of PK11195 as well as TSPO
antibody. It should be noted that the potency of VDAC blockage/closure in isolated
mitochondria by G3139 is 50 fold higher than that found in experiments with pure VDAC
incorporated into planar membranes, indicating possible existence of a VDAC-associated
protein, which is able to increase the affinity of VDAC for phosphorothioate (G3139) [27].

A strong acceleration of mPTP in Ca2*-overloaded RBM occurred with high concentrations
(50 uM) of PK11195 (Fig. 3). Earlier, we examined effect of different concentration of
PK11195 on mPTP opening and found that 10 nM-1 uM PK11195 suppressed pore opening
[31], while stimulation of pore opening was observed at 5-200 uM of PK11195
(unpublished data). The addition of G3139 to the mitochondrial suspension did not cause
any alteration when compared with effect of 50 pM PK11195 alone. It should be noted that
concentrations of PK11195 in range of 50-100 pM might have a nonspecific effect due to its
binding with the membrane lipid bilayer. Indeed, it was recently shown that, the effect of
high concentrations of PK11195 might be linked to lipid fluidity changes of the outer
membrane following modulation of the function of other proteins [59].

The combined effect of G3139 with another endogenous TSPO ligand PPIX on the
induction of mPTP opening was also studied. Porphyrins are tetrapyrrolic pigments formed
in the biosynthesis pathway of heme, mitochondrial cytochrome, hemoglobin, and other
tetrapyrrol-containing enzymes, such as catalase, peroxidase, superoxide dismutase, and
calcineurin. Here, it was shown that PPI1X (1 uM) suppressed the Ca2* capacity by 40-55%,
shortened the lag time by 40-60% (Fig. 4B, D and Fig. 6) and significantly stimulated Ca2*
efflux, supporting our previous data that PP1X promotes permeability transition in isolated
RBM [29]. Interestingly, PPIX binds with loop 1 also, as PK11195 does, although at
different sites [49]. Used together with G3139, PPIX (Fig. 4D) was further able to
strengthen the acceleration of mPTP opening. It was recently shown that PPIX is able to
reduce VDAC conductance. The VDAC-TSPO-ANT “putative” complex isolated from heart
mitochondria and incorporated into lipid bilayers was found to change the channel state
from open (in the absence of PP1X) to completely closed (in the presence of 2.5-10 uM
PPIX) [32]. Moreover, PPIX was shown to bind specifically to ANT [60,61] and recently we
showed that immunoprecipitates of TSPO in rat brain mitochondria contain ANT [29]. We
suggest that the effect of PPIX on induction of mPTP is exerted through its binding to the
trimeric complex of VDAC-TSPO-ANT.
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Thus the addition of TSPO ligands to G3139-treated mitochondria under mPTP opening
likely stabilized complex through conformational changes in the transient G3139-VDAC-
PPIX/PK11195 complex, leading to rapid VDAC closure, an increase in Ca2* permeation,
and sensitization of the mitochondria to apoptotic signals. Such like events might underlie in
the mechanism of complete conductance loss of VDAC.

All these effects indicate that VDAC might be a key point at which various signals are
integrated into a single response: channel opening or closure. TSPO ligands and TSPO itself
seems to modulate VDAC conductance.
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Combined effect of 100 nM PK11195 and G3139 on Ca%*-induced mPTP opening in
purified RBM. Mitochondrial parameters were measured as described in Materials and
methods. (A) Control RBM, (B) 100 nM PK11195-treated RBM, (C) 5 pM G3139-treated
RBM, (D) 100 nM PK11195 and 5 uM G3139-treated RBM. The arrows indicate where
CaCl, (150 and 220 uM) was added to the mitochondrial suspension.
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Fig. 2.

Cgmbined effect of anti-TSPO antibody and G3139 on Ca%*-induced mPTP opening in
RBM. Mitochondrial parameters were measured as described in Materials and methods. (A)
Control RBM, (B) anti-TSPO antibody (1:1500) treated RBM, (C) RBM pre-treated with
anti-TSPO antibody and then incubated with 5 pM G3139, (D) RBM pre-treated with 5 pM
G3139 and then incubated with anti-TSPO antibody. The arrows indicate where CaCl, (150
and 220 pM) was added to the mitochondrial suspension.
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Ef?’ect of 50 UM PK11195 in the presence of 5 pM G3139 on Ca?*-induced mPTP opening
in RBM. Mitochondrial parameters were measured as described in Materials and methods.
(A) Control RBM, (B) 50 uM PK11195 treated RBM, (C) 50 pM PK11195 and 5 pM G3139
treated RBM. The arrows indicate where CaCl, (150 and 220 uM) was added to the
mitochondrial suspension.
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Effect of 1 uM protoporphyrin 1X and G3139 on Ca?*-induced mPTP opening in RBM.
Mitochondrial parameters were measured as described in Materials and methods. (A)
Control RBM, (B) 1 uM protoporphyrin IX treated RBM, (C) 5 uM G3139 treated RBM,
(D) 1 uM protoporphyrin IX and 5 pM G3139 treated RBM. The arrows indicate where
CaCl, (150 and 220 uM) was added to the mitochondrial suspension.
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Fig. 5.

Ca?z’“-capacity of RBM in the presence of TSPO ligands and G3139. Ca?*-capacity was
measured with Ca2*-sensitive electrode as described in Materials and methods in control
RBM (trace a) and in RBM incubated in the presence of 5 uM G3139 alone (trace b) and in
its combination with 1 uM protoporphyrin IX (trace c) and 100 nM PK11195 (trace d). The
arrows indicate where CaCl, (60 uM) was added to the mitochondrial suspension.
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Fig. 6.
Mitochondrial parameters in the presence of 100 nM PK11195, 1 uM PPIX, 5 uM G3139
alone and in combination. Mitochondrial parameters (rate of Ca2*-influx (vC32*;,), lag time
before Ca?* release and Ca2*-capacity) were calculated as described in [29]. Column 1:
mitochondrial parameters in the presence of 5 pM G3139, column 2: in the presence of 100
nM PK11195, column 3: in the presence of 5 uM G3139 and 100 nM PK11195, column 4:
in the presence of 1 uM protoporphyrin IX and column 5: in the presence of 5 pM G3139
and 1 pM protoporphyrin 1X. All parameters of RBM under experimental conditions were
normalized to those of control RBM without any additions. Values represent means *

standard deviation from four independent experiments. *P < 0.05 versus control, as
determined by Student’s #test.
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