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The relevance of the mitochondrial permeability tran-
sition pore (PTP) in Ca%* homeostasis and cell death has
gained wide attention. Yet, despite detailed functional
characterization, the structure of this channel remains
elusive. Here we report on a new class of inhibitors of
the PTP and on the identification of their molecular
target. The most potent among the compounds pre-
pared, Ro 68-3400, inhibited PTP with a potency compa-
rable to that of cyclosporin A. Since Ro 68-3400 has a
reactive moiety capable of covalent modification of pro-
teins, [’ H]Ro 68-3400 was used as an affinity label for the
identification of its protein target. In intact mitochon-
dria isolated from rodent brain and liver and in
SH-SY5Y human neuroblastoma cells, [?PH]Ro 68-3400
predominantly labeled a protein of ~32 kDa. This pro-
tein was identified as the isoform 1 of the voltage-de-
pendent anion channel (VDAC). Both functional and af-
finity labeling experiments indicated that VDAC might
correspond to the site for the PTP inhibitor ubiqui-
none,, whereas other known PTP modulators acted at
distinct sites. While Ro 68-3400 represents a new useful
tool for the study of the structure and function of VDAC
and the PTP, the results obtained provide direct
evidence that VDAC1 is a component of this mitochon-
drial pore.

The mitochondrial PTP! has been increasingly recognized as
a major player in the mitochondrial pathways leading to cell
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death (1-5). The PTP is triggered by Ca®?" influx into mitochon-
dria and is modulated by a variety of factors that include
mediators of intracellular signaling (2, 6, 7). While it has been
proposed that the PTP may provide mitochondria with a fast
Ca®* release channel, thereby contributing to intracellular
Ca?"* homeostasis and signaling (2, 8, 9), persistent opening of
the PTP precipitates a bioenergetic crisis with collapse of Ay,
ATP depletion, and Ca?" deregulation. The PTP may also be
instrumental in the release of mitochondrial apoptogenic pro-
teins, such as cytochrome ¢, in programmed cell death (10).
Several pieces of evidence suggest that mitochondrial dysfunc-
tion, associated with deregulation of the PTP, may play an
important role in injury following ischemia/reperfusion (3, 9,
11) and neuronal damage following an excitotoxic insult (12).
The PTP inhibitor CsA has been found to delay/reduce gluta-
mate-induced mitochondrial membrane depolarization and cell
death (13, 14) and to be neuroprotective in animal models of
ischemia and brain trauma (15-17). Since non-immunosup-
pressive CsA analogues, such as N-MeVal4-CsA, have also
been shown to have neuroprotective properties (18), this indi-
cates that CsA is likely to act specifically to antagonize PTP
dysfunction in these in vivo models.

Despite detailed functional characterization, much of the
information on the molecular nature of the PTP relies on indi-
rect evidence and its precise molecular nature still remains
elusive. The PTP is assumed to be due to the formation of
dynamic multiprotein complexes at OMM and IMM contact
sites (3, 5). These complexes are thought to involve the ANT in
the IMM, in association with VDAC in the OMM, with a reg-
ulatory protein, Cyp-D, located in the matrix. Cyp-D is the
target for CsA, and the only PTP regulatory protein identified
so far with reasonable certainty (19). Several other proteins,
including those of the Bcl-2 family, appear to participate in
PTP regulation through poorly defined interactions (5).

CsA has become the standard pharmacological tool for the
characterization of the PTP in isolated mitochondria, in living
cells and in vivo. Other PTP inhibitors include ANT ligands
such as ADP and BKA (1, 6), ubiquinone analogues (20-22),
and a wide range of compounds, e.g. TFP and spermine, shar-
ing the general property of being amphipathic cations (6, 23).
However, the fact that the molecular target for most of the
compounds reported to inhibit or induce PTP have not been
directly identified, together with their poor specificity, has

nium; ATR, atractyloside; DIDS, 4,4’-diisothiocyanatostilbene-2,2'-di-
sulfonic acid; MALDI-MS, matrix-assisted laser desorption ionization-
mass spectrometry; nanoESI-MS/MS, nanoelectrospray ionization
tandem mass spectometry; MOPS, 4-morpholinepropanesulfonic acid.

This paper is available on line at http://www.jbc.org
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hampered progress in elucidating PTP structure and patho-
physiological relevance.

In this article, we report the identification of a new class of
inhibitors of the PTP. We also took advantage of the fact that
these compounds carry a reactive moiety to perform affinity-
labeling experiments for identifying its binding protein on the
PTP. These studies led to the identification of the isoform 1 of
VDAC (VDAC1) as their molecular target, providing direct
evidence that this protein is indeed a component of the PTP.

EXPERIMENTAL PROCEDURES

Compounds and Chemicals—Ro 04-2843 (6-bromo-3-diethylamino-
methyl-chroman-4-one), Ro 68-3406 (6-bromo-3-methylene-chroman-4-
one), Ro 68-3400 (spiro[cyclopentane-1,5'-[5H]dibenzola,d]cyclohep-
ten]-2-one,10’,11’-dihydro-3-methylene) (see Fig. 1 for structures) were
prepared at Hoffmann-La Roche Ltd, Basel, Switzerland. [*H]Ro 68-
3400 (65 Ci/mmol, 1 Ci = 37 Mbq) was kindly prepared by Dr. Thomas
Hartung (Hoffmann-La Roche Ltd). [*H]Tetraphenylphosphonium
([*H]TPP, 24-29 Ci/mmol) was purchased from Amersham Biosciences
(Switzerland). CsA, TFP, Ub,, and Ub, were from Sigma; ATR and BKA
from BioMol; Calcium-Green 5N, Rhodamine-123, and DIDS from Mo-
lecular Probes.

Preparation of Rat Liver Mitochondria—Liver and brain mitochon-
dria were prepared from male Albino RoRo rats or MoRo mice (RCC,
Basel, Switzerland). For swelling experiments, liver mitochondria were
isolated by differential centrifugation according to standard procedures
(21). Brain mitochondria were isolated from rat and mouse forebrain on
a Percoll gradient as described in Ref. 24. For affinity labeling experi-
ments also liver mitochondria were purified on a Percoll gradient.

Mitochondrial Swelling—Ca?*-induced swelling in energized mito-
chondria was assayed at 25 °C in 96 well-plates by measuring changes
in absorbance at 540 nm by means of a SPECTRAMax 250 spectroph-
ometer controlled by the SOFTmax PRO™ software (Molecular De-
vices). The incubation medium contained 0.2 M sucrose, 10 mm Tris-
MOPS, 1 mMm P;-Tris, 5 um EGTA-Tris, pH 7.4. Succinate (5 mM, in the
presence of 2 uM rotenone) or 5 mM glutamate and 2.5 mM malate,
buffered to pH 7.4 with Tris, were used as respiratory substrates. After
a ~5 min preincubation with or without test compounds, swelling was
induced by the addition of 20 ul of CaCl,, at final concentrations ranging
from 40 to 80 uM. The final incubation volume was 0.2 ml and the
concentration of mitochondria was ~0.5 mg mitochondrial protein/ml.
Absorbance readings were taken every 12 s and the plate was shaken
for 3 s between readings to ensure O, diffusion. Swelling experiments
were also performed in fully de-energized liver mitochondria according
to Ref. 25. EC,, values were determined from dose-response curves
using at least 7 different inhibitor concentrations. Data, expressed as
percentage changes in absorbance at 540 nm (AA540) versus baseline
(no CaCl,) 30 min after the addition of CaCl,, were fitted to non-linear
regression analysis using a four-parameter logistic equation using the
SigmaPlot computer program.

[PH]TPP Uptake and Oxygen Consumption—Isolated liver mitochon-
dria (~0.5 mg protein/ml) were incubated in a batch mode in the
presence of 20 nM [*H]TPP for 15 min at 25 °C. Aliquots (100 ul) of the
mixture were then distributed into 96-well plates containing 100 ul of
the test compound and the incubation prolonged for 15 min at 25 °C.
Samples were then filtered through 0.3% (v/v) polyethyleneimmine-
treated GF/B glass fiber filters using a 96-channel cell harvester and
the filters washed twice with 1 ml of buffer. 50 ul of MICROSCINT 40
(Packard) were then added to each well, before counting for radioactiv-
ity in a TopCount scintillation counter (Packard). Nonspecific uptake
was determined in the presence of 1 mMm unlabeled TPP or 1 um FCCP.
Oxygen consumption was determined polarographically using a Clark-
type electrode

Measurement of Ca®* Retention Capacity and of Ay, in Brain
Mitochondria—Extramitochondrial Ca®?" was determined using a
PerkinElmer LS-50B fluorimeter controlled by the FL. WinLab com-
puter program. The incubation medium contained 0.2 M sucrose, 1 mM
P,-Tris, 10 mMm Tris-MOPS, 5 mMm glutamate-Tris, 2.5 mM malate-Tris,
pH 7.4, containing 0.01% (w/v) bovine serum albumin, and 1 uM of the
Ca?" indicator Calcium Green-5N (21). The final volume was 2.5 ml,
and the cuvette was thermostatted at 25 °C. Brain mitochondria were
subjected to a train of 5 um Ca®" additions and fluorescence moni-
tored at excitation/emission wavelengths of 505—535 nm. Calibration
of Ca®* signals was performed according to the manufacturer’s in-
structions assuming a K, for the dye of 14 uM. For measurements of
A, 0.5 uM rhodamine-123 was added instead of Calcium Green-5N
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and fluorescence monitored at 503-525 nm excitation/emission wave-
lengths (20).

Affinity Labeling of Mitochondria Using [PHJRo 68-3400—Percoll-
purified mitochondria (~30 pg of protein per sample) were incubated
for 15 min at 25 °C in the presence of 10 nm [*H]Ro 68-3400 in a final
volume of 200 ul. After rinsing, mitochondria were solubilized in sam-
ple buffer containing B-mercaptoethanol (1 h at 37 °C) and subjected to
SDS-PAGE on Tris-glycine Novex precast gels (12% monomer concen-
tration, Invitrogen). For fluorography, gels were soaked in Amplify™
(Amersham Biosciences), dried, and exposed at —80 °C to x-ray BioMax
MS film with BioMax MS intensifying screen (Kodak).

Protein Purification and Identification—Mitochondria (~5 mg of
proteins) were labeled as described above in the presence of 20 nm
[*H]Ro 68-3400 for 15 min at 25 °C, and solubilized with 3 ml of 3%
Triton X-100 (Surfact-Amps X-100, Pierce) in 10 mm NaPO,, pH 6.8,
containing 0.5 mM phenylmethylsulfonyl fluoride, 1 ug/ml leupeptin,
1.8 png/ml aprotinin, and 1 pug/ml pepstatin A (Roche Applied Science).
Samples were then injected into a ceramic hydroxyapatite CHT-II 1 X
5 cm column (Bio-Rad) equilibrated in 10 mm NaPO, pH 6.8, con-
taining 0.3% Triton X-100. The column was then eluted with NaPO,
gradient, containing 0.3% Triton X-100, at a flow rate of 0.5 ml/min.
Fractions (1 min) were collected and, an aliquot (5 ul) counted for
radioactivity, and then subjected to SDS-PAGE, followed by staining
and fluorography.

Proteins in the radioactive fractions were precipitated with trichlo-
roacetic acid and, after carboxamidomethylation, submitted to SDS-
PAGE. After staining with colloidal Coomassie Blue (Novex) and
destaining, gel spots were excised and protein analyzed after in-gel
digestion using modified trypsin (Promega) by MALDI-MS as previ-
ously described (26). Samples were analyzed in a time-of-flight PerSep-
tive Biosystems mass spectrometer equipped with a reflector. The pep-
tide masses obtained were matched with the theoretical peptide masses
of all proteins from all species in the SWISS-PROT and TrEMBL data
base (us.expasy.org/sprot/). The identity of some of the tryptic frag-
ments was also confirmed by nanoelectrospray ionization tandem MS
(nanoESI-MS/MS) by means of an API 365 triple quadrupole mass
spectrometer (Sciex) as previously described (27).

Yeast Methods—Saccharomyces cerevisiae yeast strains lacking the
Porl gene (Aporl) and containing plasmids mediating the expression of
yeast (YVDAC1) and human VDAC1 (HVDAC1) were produced and
mitochondria prepared as described (28-30). Affinity labeling experi-
ments were performed in the presence of 10 nm [*H]Ro 68-3400 as
described above. A mouse monoclonal antibody directed against
HVDACI1 [anti-porin 31HL (Ab-4), Calbiochem], and a rabbit polyclonal
antibody against YVDAC1 (29) were used for VDAC detection by im-
munoblot in yeast mitochondrial preparations.

RESULTS

Screening and Identification of a New Class of PTP Inhibi-
tors—In an effort to identify new inhibitors of the PTP, a
compound library was screened using Ca®*-induced swelling of
rat liver mitochondria energized with succinate as a functional
assay. Compounds found to inhibit swelling were then counter-
screened using uptake of the potentiometic probe [PH]TPP (31)
to discard “false positives” (e.g. protonophores), which could
have lowered the mitochondrial membrane potential and, thus,
CaZ*-influx into mitochondria. Compounds that did not inter-
fere with mitochondrial respiration at the concentrations in-
hibiting the PTP were then selected for further characteriza-
tion. Among these substances, our attention focused on a class
of compounds inhibiting the PTP in the low micromolar range
and having common pharmacophoric elements. These com-
pounds were B-aminoketone derivatives, typically exemplified
here by Ro 04-2843 (Fig. 1 and Table I). However, as also
reported for a class molecules of close chemical structure (32),
compounds with this structure are not stable at neutral pH,
undergoing decomposition with ¢, of ~30 min at pH 7.4. The
corresponding enone decomposition product of Ro 04-2843, i.e.
Ro 68-3406 (Fig. 1), was, therefore, prepared and found to still
inhibit PTP (Table I and Fig 2B). Preparation of a number of
derivatives led then to the identification of a number of PTP
inhibitors, including Ro 68-3400 (Fig. 1), which was identified
as being the most potent.
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FiG. 1. Chemical structure of Ro 04-2843, Ro 68-3406, and Ro 68-3400. For Ro 68-3400, the positions of tritium (7") labeling are indicated.

TaBLE 1
Effect of various inhibitors on Ca®*-induced PTP
in rat liver mitochondria

The incubation medium consisted of 0.2 M sucrose, 1 mm P;-Tris, 10
mM Tris-MOPS, pH 7.4. Succinate (5 mM, in the presence of 2 um
rotenone) was used as respiratory substrate. Swelling was induced by
the addition of 80 um Ca®*. Values are mean + S.E. The number of
independent experiments performed for each compound is indicated is
indicated in parentheses (n).

EC5o n
s

Ro 04-2843 1.83 = 0.39 3)
Ro 68-3406 1.21 £0.43 (6)
Ro 68-3400 0.19 = 0.03 3)
CsA 0.30 = 0.03 (4)
Ub, 232+ 23 (4)
ADP“ 4.84 = 0.73 (3)
BKA 11.5 £ 4.21 (4)
TFP 9.37 = 3.32 (3)

“The experiments with ADP were performed in the presence of 1
png/ml oligomycin.

Properties of Ro 68-3400 as PTP Inhibitor in Liver Mitochon-
dria—The inhibition of CaZ*-induced swelling in liver mito-
chondria energized with NADH-linked substrates (glutamate/
malate) by Ro 68-3400 is shown in Fig. 2A. This compound
inhibited PTP induced by addition of 40 um Ca®* with an ECj,
of 98 + 10 nm (Fig. 2B). Under similar conditions, CsA and Ro
68-3406 displayed EC;, values of 160 + 9 and 930 * 30 nu,
respectively (Fig. 2B). Table I shows the ECy, obtained in
succinate-energized mitochondria for Ro 68-3400 and related
compounds in comparison to known PTP inhibitors. Ro 68-3400
was at least as effective as CsA at inhibiting PTP in liver
mitochondria, and more potent than the other PTP inhibitors
tested. While it has to be pointed out that the EC;, are relative
values and depend on Ca?" load as well as on respiratory
substrates (see Ref. 20), the relative potencies of the various
inhibitors were maintained at varying Ca?* loads (data not
shown).2 Ro 68-3400 and Ro 68-3406 were also effective at
inhibiting PTP in de-energized mitochondria, a condition
where interaction with sites indirectly modulating PTP can be
excluded (25, 33), with EC;, values of 0.37 and 2.8 uM, respec-
tively (n = 2, 200 um Ca?"). For comparison, under these
conditions, the EC;, values of CsA and Ub, were found to be
0.22 and 4.9 uMm, respectively. At concentrations completely
blocking PTP, Ro 68-3400 and Ro 68-3406 did not inhibit mi-
tochondrial respiration (basal, ADP-induced and uncoupled),
Ca?* uptake by mitochondria or Cyp-D peptidyl prolyl cis-trans
isomerase enzymatic activity (data not shown).

2 A. M. Cesura, E. Pinard, R. Schubenel, N. Hauser, V. Goetschy, E.
Milanesi, P. Bernardi, and J. A. Kemp, manuscript in preparation.
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Fic. 2. Inhibition of PTP by Ro 68-3400, Ro 68-3406, and CsA in
liver mitochondria. A, effect of Ro 68-3400 on Ca®*-induced swelling
in liver mitochondria energized with NADH-linked substrates (5 mm
glutamate/2.5 mm malate). The incubation medium was 0.2 M sucrose,
1 mM P;-Tris, 10 mum Tris-MOPS, 5 mum glutamate-Tris, 2.5 mMm malate-
Tris, pH 7.4. Mitochondrial swelling was induced by the addition of 40
uM CaCl, (arrow) and PTP opening monitored as the decrease in ab-
sorbance at 540 nm. The concentrations (nM) of Ro 68-3400 used in each
trace are indicated. B, concentration-dependent inhibition of the PTP
by Ro 68-3400 (e), Ro 68-3406 (A), and CsA (M) in liver mitochondria.
Experimental conditions were as above. Values shown are means =
S.E. from 3 to 5 experiments in duplicate using different liver mito-
chondrial preparations.

Effect of Ro 68-3400 on PTP in Brain Mitochondria—Ro
68-3400 inhibited swelling of brain mitochondria with a po-
tency in the range of that observed for liver mitochondria (Fig.
3A). The effect of PTP inhibitors in brain mitochondria was also
investigated by subjecting mitochondria to a series of 5 um
Ca?' pulses and by monitoring extramitochondrial Ca?" or
Ay, using fluorescent probes (21). The effects of CsA and Ro
68-3400 in these experiments are shown in Fig. 3, B and C.
Both Ro 68-3400 and CsA increased the ability of mitochondria
to buffer Ca®" until a threshold was reached at which no
further Ca?" could be taken up (Fig. 3B). At 1 um (i.e. the
maximal effective concentration observed for each inhibitor),
both compounds approximately doubled the amount of CaZ*
taken up by brain mitochondria. Thus, control mitochondria
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Fic. 3. Inhibition of PTP by Ro 68-3400 and CsA in brain mi-
tochondria. A, effect of Ro 68-3400 on Ca®*-induced swelling in brain
mitochondria. Experimental conditions were as in Fig. 2, except that of
0.01% (w/v) bovine serum albumin was added to the medium, and
swelling was induced by the addition of 80 um CaCl,. The concentra-
tions of Ro 68-3400 used for each trace are indicated. B, determination
of extramitochondrial Ca®" after subsequent addition of 5 um CaCl,
pulses. The incubation medium consisted of 0.2 M sucrose, 1 mm P;-Tris,
10 mMm Tris-MOPS, 5 mm glutamate-Tris, 2.5 mM malate-Tris, pH 7.4,
containing 0.01% (w/v) bovine serum albumin and 1 uM Calcium Green-
5N. The final volume was 2.5 ml. Traces from top to bottom correspond
to control (a), 1 uMm CsA (b), 1 uM Ro 68-3400 (c), and 1 uMm CsA plus 1
uM Ro 68-3400 (d). Each spike corresponds to addition of a Ca®* pulse.
C, determination of Ay, after subsequent addition of 5 um Ca?* pulses.
Experimental conditions were as above except that 0.5 uMm rhodamine-
123 was used instead of Calcium Green-5N. Arrows indicate Ca®*
additions. The initial fluorescence quenching corresponds to addition of
mitochondria. Traces from top to bottom are as in panel B.

were able to accumulate 530 += 70 nmol of Ca®*/mg of protein,
whereas, in the presence of 1 um CsA and Ro 68-3400, the
CaZ*-buffering capacity increased up to 1130 + 80 and 1200 *
120 nmol of Ca2*/mg protein, respectively (mean + S.E., n = 3).
The combination of Ro 68-3400 and CsA had an additive effect,
mitochondria being able to accumulate up to 2050 + 450 nmol
of Ca?"/mg of protein. In agreement with the finding that Ro
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FiG. 4. Ub; antagonizes the inhibition of PTP by Ro 68-3400. A,
effect of Ub, on inhibition of PTP by Ro 68-3400 in rat liver mitochon-
dria. Experimental conditions were as in Fig. 2, except that 60 um Ca®*
was added to induce the PTP. In traces a and b no Ca®* was added with
50 uM Ub, present in b. For other traces, Ca** was added either alone,
trace c, or in the presence of 50 uM Uby, trace d, 300 nM Ro 68-3400, trace
e, and 300 nM Ro 68-3400 and 50 um Uby, f. B, Ca®*-induced depolar-
ization of rat brain mitochondria. Experimental conditions were as in
Fig. 3C except that a single pulse of 20 um Ca®* was added to induce
mitochondrial depolarization. Trace a, control (Ca®" alone), trace b, 300
nM Ro 68-3400, ¢race ¢, 300 nM Ro 68-3400 and 50 um Ubg,.

68-3400 does not inhibit Cyp-D enzymatic activity, this indi-
cates that Ro 68-3400 acts at a site in the PTP other than
Cyp-D. Virtually identical results were obtained from experi-
ments where Ay, was monitored after a series of Ca®* addi-
tions (Fig. 3C). Each Ca?" addition caused reversible decreases
in Ay, until triggering of PTP completely collapsed Ay, and
no further fluorescence increase could be observed after addi-
tion of the protonophore FCCP.

Similar experiments using other known PTP inhibitors also
showed that the effect of Ro 68-3400 (and of Ro 68-3406) was
additive with that of BKA, ADP, TFP, and tamoxifen, suggest-
ing that Ro 68-3400 acts at a site that is different from those
acted upon by these compounds (data not shown).? The only
exception was Ub,, a previously characterized PTP blocker (20)
for which no such additive effect was seen.

Ro 68-3400 and Ubiquinone Derivatives—The lack of addi-
tive effect with Ub, suggested that the binding site of Ro
68-3400 might be related to the ubiquinone site reported to
modulate the PTP (21, 22). To address this, we investigated
whether Ubg, an ubiquinone derivative able to relieve the in-
hibitory effect of Ub, (21), could similarly antagonize PTP
inhibition by Ro 68-3400. As shown in Fig. 4A for rat liver
mitochondria, Ub, (50 uMm) was able antagonize the inhibition
by Ro 68-3400, shifting its ECj, from 290 nm to 2.4 um (n = 2).
Likewise, in rat brain mitochondria, inhibition of Ca?"-induced
depolarization by 300 nm Ro 68-3400 was relieved by 50 um Ubg
(Fig. 4B).

Affinity Labeling of Mitochondria with [?H]Ro 68-3400: Iden-
tification of VDACI as a Component of the Permeability Tran-
sition Pore—The high potency displayed by Ro 68-3400 at in-
hibiting the PTP and the fact it contains a reactive moiety,
prompted us to tritiate the compound and use it as affinity
labeling probe. Fig. 5A shows the results obtained after label-
ing with 10 nm [*H]Ro 68-3400 of intact mitochondria isolated
from rat brain and liver. A restricted number of proteins ap-
peared to be labeled with a predominant band of ~32 kDa
present in both preparations. A protein of identical size was
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Fic. 5. Affinity labeling of mitochondria by [’H]Ro 68-3400 and
purification of the 32-kDa labeled protein. A, [*'H|Ro 68-3400 af-
finity-labeling of rat brain and liver mitochondria. Mitochondrial prep-
arations were incubated in the presence of 10 nm [*H]Ro 68-3400 for 15
min at 25 °C in the presence or absence of the indicated concentrations
(uM) of unlabeled Ro 68-3400. The fluorograms of the SDS-PAGE gels
are shown. The molecular mass scale (kDa) is shown in the ordinate. B,
purification of the [*H]Ro 68-3400 labeled 32 kDa protein. Triton X-100
solubilized rat liver mitochondria previously labeled with 20 nm [*H]Ro
68-3400 were injected into a hydroxyapatite FPLC column. The column
was eluted isocratically for 15 min and then with a linear gradient of
NaPO,, pH 6.8 (to 250 mM in 25 min, and then to 400 mM in 5 min). The
histogram shows the radioactivity elution profile after counting an
aliquot (5 wl) of the collected fractions. The inset shows the silver
staining of Triton X-100 solubilized mitochondria (starting material,
lane a) and of the column flow-through (fractions 7-9, lane c¢). The
fluorograms of the corresponding starting and purified material are
shown in lanes b and d, respectively.

also primarily labeled in mitochondria from mouse brain and
liver, and from SH-SY5Y human neuroblastoma cells (not
shown). Increasing concentration of unlabeled Ro 68-3400 in-
hibited radioactivity incorporation into this band. Notably, its
labeling did not reflect a higher relative abundance, since Coo-
massie Blue and/or silver staining did not reveal major protein
bands that correspond to the labeled protein (see inset to
Fig. 5B).

This ~32 kDa protein labeled by [*H]Ro 68-3400 in rat brain
and liver mitochondria could be purified by a single FPLC
chromatographic step using a hydroxyapatite column. As
shown in Fig. 5B, most of the radioactivity eluted in the column
front. SDS-PAGE analysis of these fractions, followed by silver
staining and fluorography, showed the presence of a single
radioactive protein (Fig. 5B, inset). MALDI-MS and nanoESI-
MS/MS analysis revealed that the protein corresponded to the
isoform 1 of VDAC (outer mitochondrial membrane protein
porin 1, POR1_RAT, Q9Z2L.0). VDAC1 was identified as the
major protein labeled by [*H]Ro 68-3400 also in mitochondria
isolated from mouse brain and liver (POR1_MOUSE, Q60932)
and SH-SY5Y cells (POR1_HUMAN, P21796). A protein with
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higher electrophoretic mobility became labeled in brain mito-
chondria in the presence of >1 um Ro 68-3400 (Fig. 5A). Its
identification by MALDI-MS in rat brain mitochondria labeled
by [PH]Ro 68-3400 in the presence of 3 uM Ro 68-3400, showed
that it also corresponded to VDAC1. Thus, high Ro 68-3400
concentrations might alter VDAC1 electrophoretic mobility,
possibly by reacting with more than one amino acid residue of
the protein.

Two other proteins incorporating [PH]Ro 68-3400 were also
examined. The ~22-kDa band present in rat and mouse brain,
but not in liver mitochondria and SH-SY5Y cells, was identified
by nanoESI-MS/MS as BM88 (BM88 MOUSE, Q9JKC6), a
neuron-specific protein involved in neuronal differentiation
(34) found to be associated with the membrane of intracellular
organelles including the limiting membrane of mitochondria
(35). Although labeling of BM88 was inhibited by low concen-
tration of Ro 68-3400 (Fig. 5A), due to its specific neuronal
location, this protein does not appear to be a candidate as
general PTP constituent and was not further considered in the
present work. The ~45 kDa protein appearing only in mito-
chondrial preparations from liver and whose labeling was in-
hibited by high concentration of Ro 68-3400 (Fig. 5A) was
identified as actin by immunoblot analysis using an anti-actin
monoclonal antibody (Clone AC-40, Sigma) (data not shown).

To correlate the labeling of VDAC1 by [PH]Ro 68-3400 with
PTP inhibition, we tested the effect of a number of PTP inhib-
itors and of the PTP inducer ATR on the labeling of VDAC1 by
[*H]Ro 68-3400 in rat brain mitochondria. Incorporation of
[®H]Ro 68-3400 into VDAC1 was inhibited by its analogue Ro
68-3406 (as well as by Ro 04-2843, not shown) and by Ub,
concentrations that block the PTP. Unexpectedly, however,
Ubj; did not affect radioactivity incorporation (Fig. 6A). Incor-
poration of [*H]Ro 68-3400 into VDAC1 was also inhibited by
DIDS, an anion channel blocker (36) which has been shown to
inhibit superoxide-induced VDAC-dependent cytochrome c re-
lease from mitochondria (37). CsA, ADP, BKA, ATR, and TFP
had no effect (Fig. 6A). Virtually identical results were ob-
tained using rat liver mitochondria (data not shown).

[PHJRo 68-3400 Labeling in Yeast Mitochondria—We next
investigated the labeling of yeast mitochondrial proteins by
[®H]Ro 68-3400. Virtually no labeling was detected in mito-
chondria from strains lacking the major VDAC isoform, YV-
DAC1, after deletion of the Porl (Aporl) gene (Fig. 6B). After
plasmid-mediated expression of YVDAC1 in Aporl strains we
observed the prominent labeling of a 29 kDa protein, the ex-
pected size of YVDAC (Fig. 6C, lane b). Increasing concentra-
tions of unlabeled Ro 68-3400 inhibited incorporation of the
radioactivity (Fig. 6B). Surprisingly, however, no labeling was
detected when HVDAC1 rather than YVDAC1 was expressed
in the Aporl strains despite the fact that both proteins were
expressed and targeted to mitochondria (Fig. 6C). Preliminary
experiments also showed that no [*H]Ro 68-3400 labeling was
observed at the expected molecular masses after transfection of
Aporl strains with YDAC2, HVDAC2, and HVDAC3 (data not
shown).

DISCUSSION

The results reported in the present study describe the iden-
tification and characterization of a new class of inhibitors of the
PTP. The most potent compound obtained so far, Ro 68-3400,
inhibited PTP with potency comparable to that of CsA. More-
over, affinity labeling experiments using [*H]Ro 68-3400 iden-
tified VDAC1 as a major molecular target of Ro 68-3400 in
mitochondria prepared from rodent brain and liver, and from a
human neuroblastoma cell line. Finally, the results obtained
support the notion that Ro 68-3400 and Ub, may act at the
same and/or functionally related sites in the PTP.
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Fic. 6. Labeling of VDAC1 by [*H]Ro 68-3400 in brain mito-
chondria in the presence of various compounds and in dporl
yeast mitochondria transfected with yeast and human VDACI1.
A, effect of various PTP inhibitors, Ub;, ATR, and DIDS on VDAC1
labeling by 10 nm [*H]Ro 68-3400 in rat brain mitochondria. Experi-
mental conditions were as in the legend to Fig. 5A. The compounds at
the indicated concentrations (uM) were added together with [*H]Ro
68-3400, except for DIDS, for which, in order to remove the reagent,
mitochondria were exposed DIDS for 5 min, followed by centrifugation,
rinsing, and resuspension before labeling with [*H]Ro 68-3400. B,
[*H]Ro 68-3400 affinity labeling of yeast mitochondria lacking the PorI
gene for YVDAC1 (Aporl) and of Aporl yeast mitochondria transfected
with YVDAC1 and HVDAC1. Mitochondria isolated from yeast strains
were incubated in the presence of 10 nM [*H]Ro 68-3400 in the presence
of the indicated concentration of unlabeled Ro 68-3400 (um). The flu-
orograms of gels after SDS-PAGE are shown. C, immunoblot analysis of
yeast and human VDAC expressed in Aporl yeast strains. Lane a,
Aporl; lane b, YDAC1I; lane ¢, HVDAC.

As mentioned in the Introduction, the precise structure and
function of the PTP is still a matter of controversy. VDAC,
together with ANT, were the first proteins proposed to consti-
tute the PTP, initially on the basis of mostly theoretical argu-
ments (1). More recently, experimental evidence has added
weight to this proposition and VDAC has gained increasing
attention as a possible PTP constituent (38, 39) and as a key
protein controlling Ca?* homeostasis by mitochondria (40).
Here, we show that compounds like Ro 68-3400 that bind to
VDACI1 behave as potent PTP inhibitors, providing direct evi-
dence that VDAC1 is a component of this mitochondrial pore.
The possibility that other proteins less intensely labeled by
[PHJRo 68-3400 may represent additional PTP constituents
cannot be entirely ruled out at present. Yet, the fact that
VDAC1 was the only protein predominantly labeled in a con-
sistent manner in all mitochondrial preparations strongly in-
dicates that this protein represents the main target for Ro
68-3400. Independent evidence that VDAC1 is a component of
the PTP comes from the fact that Ub,, a structurally unrelated
inhibitor, prevented incorporation of radioactivity into VDAC1
at concentrations inhibiting the PTP. While Ub; was able to
functionally compete with Ro 68-3400 and Ub, (21) for PTP
inhibition, it did not prevent VDAC1 labeling by [PH]Ro 68-
3400. We therefore suspect that the complex effects of quinones
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on the PTP (20—22) may depend on interactions at more than
one site, an issue that deserves further study.

While clearly implicating VDAC in the PTP, several ques-
tions remain. First, it is still not clear why only VDAC1, among
the expressed isoforms, was identified as the target protein for
Ro 68-3400. Ro 68-3400 might react with specific nucleophilic
amino acid(s) in VDAC1 that are not accessible in the other
isoforms. Alternatively, VDAC1 may represent the predomi-
nant form expressed in the tissues tested (41). On the other
hand, both VDAC1 and VDAC2 are ubiquitously expressed,
while VDAC3 has a more restricted organ distribution (42—44).
VDAC isoforms appear to display different physiological func-
tions (45), each isoform exhibiting different permeability prop-
erties (46), and binding of hexokinase, a protein that has also
been proposed to be associated to the PTP (47, 48), appears to
be a specific feature of VDAC1 (28). It might, thus, be conceiv-
able that only VDAC1 preferentially or exclusively takes part
in PTP formation through specific interactions with partner
protein(s) in the IMM. Experiments using mitochondria iso-
lated from mice in which the gene encoding VDAC1 has been
knocked out (49) will be instrumental to assess if Ro 68-3400
can also modify mammalian VDAC2 and 3.

The mechanistic basis of the inhibitory effect of Ro 68-3400
on the PTP also remains to be elucidated. Experiments not
reported here and performed using Ro 68-3400 analogues lack-
ing the reactive group, clearly showed that covalent modifica-
tion of amino acid residue(s) is essential for conferring the high
potency of Ro 68-3400 at inhibiting the PTP. Although techni-
cal difficulties have so far hindered the identification of the
amino acid(s) modified by Ro 68-3400, further effort aimed at
the identification of these residue(s) will be valuable for iden-
tifying critical VDAC1 domains possibly responsible for PTP
gating (50) or involved in the dynamics of VDAC1 assembly
with other PTP components. Interestingly, it was found that Ro
68-3400 and Ro 68-3406 failed to alter the electrophysiophysi-
ological properties of VDAC channels incorporated into lipid
bilayers (data not shown). As this was the case also for Ub,,
which inhibits the “mitochondrial megachannel” corresponding
to the PTP (51), inhibition of PTP by these compounds cannot
simply be ascribed to changes in permeability of VDAC itself,
but would be more likely mediated through binding to a par-
ticular VDAC conformation shaped by its association with
other proteins participating in the PTP.

The finding that [*H]Ro 68-3400 specifically labels YVDAC1,
but not HVDAC], after transfection in Aporl yeast strains, rep-
resents an unexpected but interesting finding. If the VDAC1
conformation recognized by Ro 68-3400 in mammalian mitochon-
dria depends on a structure that is present only in association
with other proteins, YVDAC1 might form productive association
with partner yeast protein(s) which are required for recognition
by this compound for PTP occurrence in yeast (52), whereas
HVDACI1, due to the low sequence similarity with its yeast ho-
mologue, would not be able to assume such conformation in the
context of yeast mitochondria. These findings are consistent with
the hypothesis that only a specific conformation assumed by
VDACT1 associated with PTP partner protein(s) would be able to
bind Ro 68-3400 in intact mitochondria.

Definition of the detailed mechanism of PTP inhibition by
Ro 68-3400 and of its interactions with the quinone binding
site(s), together with identification of the structural require-
ments for VDAC1 binding and of the modified amino acid
residue(s) are under active investigation. However, the iden-
tification of a novel class of PTP inhibitors and of their
molecular target appears to be a critical step toward the
molecular definition of the PTP and the development of novel
mitochondrial drugs.
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