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The respiratory-dependent assembly of ANT1 regulates cytochrome c release
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1. ABSTRACT 2. INTRODUCTION

The adenine nucleotide translocator (ANT) is a The adenine nucleotide translocator (ANT)
control point of several fundamental cell processes, as plays an essential role in the oxidative phosphorylation
diverse as cell energy supply, mitochondrial DNA (OXPHOS) system developed in aerobic eukaryotic cells.
maintenance, and apoptosis. This paper describes six One of the major functions of this nuclear encoded protein
individual structures of the carrier, distinguished according is to catalyze the exchange between cytosolic ADP and
to ANT1 oligomeric and conformational states, as well as ATP synthesized within mitochondria. This exchange
associations with other proteins. Transitions between these consequently provides the energy for several ATP-
structures depend on energy demand and thus contribute to dependent functions occurring within the cell (1). The
a metabolic reserve of oxidative phosphorylation carrier can be specifically inhibited and stabilized into two
(OXPHOS) activity. Moreover, at low respiratory chain distinct conformations, i.e. cytosolic ¢ or matricial m,
activity, we demonstrate that, unlike a mitochondrial Ca** induced by binding carboxyatractyloside (CATR) or
upload, Bax, a pro-apoptotic Bcl-2-family protein, is able bongkrekic acid (BA), respectively (2).
to trigger a massive release of cytochrome ¢ from one of
these ANT1 structures. These new insights emphasize the Various ANT isoforms are expressed in
close relationship between structural rearrangements of mammalian cells, i.e. ANTI is known as the specific
ANT and molecular apoptotic events at distinct cell energy heart/muscle isoform but is also expressed to a lesser extent
levels. OXPHOS functioning has to therefore be considered in kidney and brain (3). It is now assumed that the minimal
a crucial control point for the events leading to these functional state of this carrier is the homo-dimer (4).
contrasting pathways. However, several oligomerization states, such as tetramers
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or coupled dimers, have emerged from nucleotide binding data
(5). In addition to this role in bioenergetics, ANT remains
crucially involved in mtDNA maintenance (6). Besides these
living functions, this carrier also plays a key role in
programmed cell death (7; 8). ANTI is described as a core
component in the permeability transition pore complex
(PTPC), as its large opening under diverse apoptotic stimuli,
such as Ca®* upload, leads to mitochondrial membrane
potential (AY,,) collapse (9). PTPC is essential promoting the
pro-apoptotic effect of Bax by forming pores in the external
membrane and, thus, making it possible for apoptogenic
factors, e.g. cytochrome ¢ (cyt ¢), to diffuse from
mitochondria to the cytosol (10; 11). Another release
mechanism, demonstrated in cultured cells, is also mediated by
Bax, but independently of PTPC (12; 13).

We recently reported that ANT might adopt
various oligomeric and conformational states, changing
according to the cell energy state (14). In this research, we
demonstrated by analyzing various ANT1 structures using
blue-native polyacrylamide gel electrophoresis (BN-PAGE)/
sodium dodecyl sulfate-PAGE (SDS-PAGE) that there could
be up to six different forms of ANT1 in functional muscle
mitochondria. We showed that these structures contribute to a
metabolic reserve of oxidative phosphorylation (OXPHOS)
activity through ANT1 oligomerization and conformational
changes from a PTPC-like structure. These mechanisms enable
OXPHOS to adapt to mitochondrial mutations or various cell
energy states. Moreover, we suggest that one of the complexes
formed by the interaction of ANT1 monomer with VDACI1
and endogenous Bax monomer forms a control point in the
dual mitochondrial functions of energy production and
apoptosis. Indeed, this structure is associated with 80% of the
mitochondrial cyt ¢ content at low OXPHOS activity.
However, at higher energy states, ANT1 oligomerization
leads to disassociate cyt ¢ from this complex, thus
responding to a respiratory flux increase.

In addition, we show that the recombinant
proapoptotic protein Bax is able to target this structure,
inducing a massive release from the bound pool of cyt c.
This suggests this complex may be implicated in apoptosis,
thus constituting an "apoptotic induction unit" for cyt ¢
release, independent of the SMAC/Diablo release pathway.
In contrast, the Ca?'-induced permeability transition
triggers the release of free-respiratory active cyt ¢, thereby
affecting mitochondrial energy functions.

As we have shown, ANT is a control point in the
cell metabolism, enabling the respiratory chain to adapt to
varying energy demands, as well as having a regulatory
function in programmed cell death.

3. MATERIAL AND METHODS

3.1. Animals and mitochondrial preparations
All the methods are fully described in (15).
Protein concentration was estimated by the Biuret method.

3.2. Human muscle biopsies
Three patients were selected at the Centre
Hospitalier Regional de Bordeaux and diagnosed by

clinical investigations, biological studies (especially blood
lactate and pyruvate), and histo-enzymological studies.
Controls were taken from patients who underwent muscle
biopsy for neuromuscular symptoms, but were ultimately
found to be free of any mitochondrial disease. Muscle
biopsies were performed on the quadriceps muscle under
general anesthesia (with the informed consent of the
patients or their parents). Muscle biopsies were stored in 10
ml ice-cold buffer (EGTA 10 mM, MgCl, 5 mM, taurine
20 mM, dithiothreitol 0.5 mM, imidazol 20 mM, K"MES
0.1 M, ATP 5 mM, phosphocreatine 20 mM) and used in
the following hour. The mitochondrial respiratory rate was
measured on saponin- permeabilized muscle fibers, using
the procedures developed by (16). Mitochondrial oxygen
consumption on various respiratory substrates was
measured as described in a medium containing 10 mM
EGTA, 5 mM MgCl,, 20 mM taurine, 0.5 mM
dithiothreitol, 20 mM imidazol, 0. M K'MES, 3 mM
KH,PO,, 5Smg/ml BSA, and expressed in natomO/min/mg
of fibers.

3.3. Oxygraphic and swelling measurements

Mitochondrial oxygen consumption was
monitored at 30°C in a 1 ml thermostatically-controlled
chamber equipped with a Clark oxygen electrode connected
to a computer, which gave an on-line display of the
respiratory rate value. The respiration buffers were used as
described in (15), with the addition of respiratory substrates
(10 mM pyruvate with 10 mM malate, or 25 mM succinate
with 0.4 pg/ml rotenone, or 3 mM ascorbate with 0.5 mM
TMPD, or 2 pM CCCP. However, in the case of Ca>"
addition, EGTA in the respiration buffer was replaced by 5
uM and the respiratory rate recorded at state 4. The
mitochondrial concentration used was 1 mg/ml and state 3
according to (17) was obtained by adding 2 mM ADP.
Mitochondrial oxygen consumption was expressed in
natomO/min/mg proteins. MPT was measured by the
convenient swelling assay, carried out in an Uvikon 940
spectrophotometer. Swelling curves were recorded at 540
nm. Cuvettes containing the mitochondrial suspension were
maintained at 25°C. Incubation conditions and MPT
induction are indicated in the Figure legends.
3.4. Titration curves, threshold curves, and threshold
value determination

Titration curves of the step catalyzed by ANT
were performed using CATR (Sigma), as described by
(14). Threshold curves come from the titration curves and
represent the state 3 respiratory rate (%) as a function of
ANT inhibition (%) The threshold values were determined
as described (15).

3.5. Production and purification of recombinant BaxAC

Bax A21 was produced as a GST-fusion
recombinant protein in E. coli. The GST N-terminal tag
was cleaved by thrombin and Bax A21 was purified as
described by (18). To induce oligomerization, Bax A21 was
incubated with TX-100 (TX-100/protein ratio of 1.4 g/g) at
4°C for 30 min. Mitochondria respiring with different
respiratory  substrates were then incubated with
oligomerized Bax A21 at 30°C for 30 min.



Respiratory dependent ANT1 interactome

3.6. Electrophoresis techniques

Isolated rat mitochondria from muscle
(Img/ml) were subjected to oxygraphic measurements at
state 3 on various respiratory substrates. Mitochondrial
proteins (300 pg) were taken from the oxygraph,
solubilized by digitonin, and then subjected to BN-
PAGE/SDS-PAGE procedures, as described (14).
However, for  the BaxAC experiments, the
ultracentrifugation previously used to remove solubilized
complexes was reduced to 20 000 rpm, at 4°C, for 30 min.

3.7. Western-blot

Mitochondrial membrane proteins solubilized by
digitonin (digitonin/protein ratio of 3g/g) were subjected to
BN-PAGE/SDS-PAGE, celectrotransferred to PVDF
membranes (Bio-Rad), and subjected to primary ab in 5%
milk. Polyclonal abs specific for human ANTI1 isoform
(Abl, amino acids 2-11 and Ab2, amino acids 161-171)
were purchased from Oncogene Research Products. Abs for
Porin (31HL) and cyclophilin D were purchased from
Calbiochem; and cytochrome ¢ from Zymed. All abs were
used at dilutions recommended by the manufacturer. After
washing steps, membranes were incubated with horseradish
peroxydase-conjugated purified secondary abs (Bio-Rad)
Proteins were detected by enhanced chemiluminiscence
(ECL; Amersham Pharmacia) and revealed by
autoradiography. For cytochrome ¢ release measurements,
isolated muscle mitochondria (1mg/ml) respiring with the
various substrates at state 4 in the presence of Ca®* were
centrifuged (20 min, 8000 rpm, 4°C) The supernatant was
then removed with lug/ml protease inhibitors (PMSF,
leupeptin and pepstatin), subjected to SDS-PAGE (20%
SDS, 1% P-mercaptoehanol), and immunoblotted, as
described above.

3.8. Protein detection and analysis

The proteins separated by second (m) SDS-
PAGE dimension were subjected either to Western-blotting
or Sypro Ruby® staining (Molecular Probes), according to
the manufacturer’s instructions. Fluorescent proteins were
detected with an UV-transilluminator system and recorded
using a Herada 429K DV camera. The protein spots were
cut and subjected to tandem mass spectrometry analysis.
Densitometry analysis on Western-blots was carried out
using Image J (NIH) software.
4. RESULTS
4.1. Distribution of ANT1 oligomeric and
conformational states in functional mitochondria

In a recent study, we showed that ANT1 might
exist in several oligomeric states within the inner
membrane of muscle mitochondria respiring with ADP on
pyruvate-malate (14). Indeed, when membrane proteins
were solubilized with digitonin and BN-PAGE/SDS-PAGE
coupled with Western-blots using a polyclonal antibody
specific for ANT1 (abs, Abl), we observed the presence of
ANT1 monomers, dimer and coupled-dimer functional
forms in the ADP/ATP exchange (M, Dy, 2Dy; Figure 1.
A) When Ab2 that recognizes the second matricial loop of
ANTI1, was used, two novel forms were observed, i.e. D,
dimers (50 kDa) associated with porin in a complex
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exceeding 300 kDa and free M, monomers (31 kDa)
(Figure 1A) Thus, when the N-terminal domain (N-ter)
was exposed, the second matricial loop was not recognized,
and vice versa. These results indicate that the two ANT]I
conformations, i.e. cytosolic ¢ and matricial m, are revealed
by the two distinct antibodies used.

The proteins potentially bound to ANTI
monomers in the ¢ conformation (M,) within the 75
kDa complex were studied. Sypro ruby® staining of
mitochondria respiring on pyruvate-malate with ADP
revealed the proteomic pattern (Figure 1Ba) The
Western-blot immunoblotted with anti-ANT1 (Abl),
anti-porin, anti CyD and anti-cyt ¢  (Figure 1Bb)
showed the three ANT1 ¢ forms associated with porin,
therefore D, was also interacting with CyD within the
300 kDa complex. Surprisingly, the 75 kDa complex
was composed of M;, monomeric porin and cyt c¢. In
addition, cyt ¢ was also observed in a 16 kDa minority
free form in the first dimension. Spots indicated in
Figure 1Bd was subjected to a tandem mass
spectrometry analysis. Peptide sequences compared with
the NCBI databank suggest a good correlation for the
presence of the ANT isoform 1 in M; and M, and the
voltage-dependent anion-channel isoform 1 (VDACI1) in
the 75 kDa complex, and VDAC?2 in free state (Xcorr and
gi indicated) Unfortunately, the thin fluorescent staining of
cyt ¢ could not be analyzed by mass spectrometry. Another
100 kDa spot in a complex of over 300 kDa in the first
dimension was an association of ANT (isoform not
specified) with mitochondrial creatine kinase (mtCK).
Figure 1. Bc shows the presence of D, (matricial
conformation), porin, and CyD within a complex exceeding
300 kDa, as well as free 31 kDa M, monomers. As
previously shown, Cyt ¢ was co-localized with porin in the
75 kDa complex but a minority was also found in free
form.

BN-PAGE on gradient gel was used to
characterize the over-300 kDa complexes, under the same
conditions as above (Figure 1Be) and OXPHOS complexes
were revealed by Blue Coomassie staining. Subunits of
each complex were then separated in modified second
dimension, stained with Sypro Ruby®, and subsequently
immunoblotted with either anti-ANT1 (Abl) (Figure 1.
Bf) or anti-ANT1 (Ab2) (Figure 1Bg), together with anti-
porin and anti-CyD. Western-blots showed D;, porin and
CyD associated in a 550-600 kDa complex, on the one
hand, and D, with porin but not CyD in a 400 kDa
complex, on the other hand. The D, form of ANTI also
interacted with the two respiratory chain supercomplexes of
1400 and 1600 kDa described by (19). The membrane used
with anti-ANT1 (Ab2) was then reprobed with anti-Cyt ¢
(Figure 1Bh) and showed that cyt ¢ was associated in
complexes under 100 kDa in the first dimension.

4.2. Oligomeric and conformational states of ANT1
depend on respiratory chain activity

As previously described (14), the increase in
respiration from pyruvate-malate to ascorbate-TMPD via
succinate led to a rise in 2D; (contrarily to D)),
accompanied by a considerable decrease in ANT1 M;
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A

Oxygraphic measurements (JO,)

Figure 1. Different oligomers and conformations of ANT1 in functional mitochondria. Cytochrome c is stored by ANTI
monomers stabilized only in the ¢ conformation. (A) 2D gel analysis of muscle mitochondria respiring on pyruvate-malate with
ADP, solubilized by digitonin, and subjected to BN-PAGE 10% acrylamide slab gel. The second dimension (SDS/PAGE) was
then immunoblotted, using either anti-ANT1 (Abl) or (Ab2), together with anti-Porin. Gels to the right indicate Porin signals.
(Ba) Same procedure but stained with Sypro ruby®; (b) then immunoblotted with anti-ANT1 (Abl), anti-porin, anti-CyD and
anti-cyt ¢; (c) or with anti-ANT1 (Ab2); (d) the spots indicated were subjected to a tandem mass spectrometry, Xcorr and gi are
indicated; or (e) proteins were subjected to 5-13% BN-PAGE gradients and stained with Coomassie blue. OXPHOS complexes
(L, I, III,, IV, V) and "supercomplexes" (a, b) mentioned by (19) are indicated. The second dimension was stained with Sypro-
ruby® and (f) subsequently immunoblotted with anti-ANT1 (Abl), anti-porin and anti-CyD, or with anti-ANT1 (Ab2) and anti-
CyD (g) (h) The membrane was then reprobed with anti-cyt c. M; and M,, ANT1 monomers recognized by Abl or Ab2; D, and
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Table 1. Respiratory and inhibition parameters obtained in human muscle fibers

Respiratory substrates JO, RCR Ki T Inax

Pyruvate-malate -Creatine 2.2+0.4 2.5+0,3 28.4+4.1 85+2.2 0.54+0.11
+Creatine 10 mM 2.9+0.3 3.440.6 30.7£2.2 84+1.9 0.91+0.09
+Ca”" 50 uM 3.3+0.4 1.6+0.2 31.1+£5.3 N.D. 0.29+0.12

Succinate 4.2+0.7 2.2+0.6 26.5+3.7 88+2.4 0.98+0.08

JO,: State 3 respiratory rate, in natomO/min/mg of muscle fibers; RCR' respiratory control ratio; K; (nM): CATR inhibition
constant; T (%): threshold values expressed as a percentage of ANT inhibition; I,,,, (nmol/mg): amount of CATR necessary to
return from state 3 to state 4 respiration. Results are presented in the curves as mean + S.E. from three different patients

investigated.

monomers, which were no longer observed on ascorbate-
TMPD (Figure 2A) Interestingly, adding CCCP uncoupler
disassociated the ANT1 oligomers and ANT1-porin
associations, resulting in an increase in M. As for Abl, M,
forms were expressed more than D,, but no coupled dimers
in the m conformation were detected (Figure 2A) By
replacing pyruvate-malate with succinate, the increase in
D, content was followed by synthesis of coupled dimers in
the m conformation (2D,, 110 kDa) Unlike 2D, all 2D,
forms were associated with complexes over 300 kDa.
When respiration was further increased on ascorbate-
TMPD, 2D, forms increased considerably compared to D,
whereas M, was no longer observed. Adding CCCP
induced the same disassociation effect on the m structures.
Consequently, these two types of ANT1 monomers are able
to constitute preferentially coupled dimeric structures,
irrespective of their ¢ or m conformation. However, each
oligomer  conformation interacts  with  specific
macrocomplexes.

In order to analyze these respiratory-induced
transitions for complexes exceeding 300 kDa, we carried
out the same procedure using 5-13% gradient BN-PAGE.
The second modified dimension was immunoblotted with
either anti-ANT1 (Abl) or anti-ANT1 (Ab2) and reprobed
with anti-CyD and anti-porin (Figure 2B) Porin signals
were used to quantify the various ANT1 forms. As in
Figure 1. Bf and Bg, D, was associated with porin and
CyD with a 550-600 kDa complex, unlike D,, which was
associated with porin but not CyD in a 400 kDa complex.
Small amounts of the latter structure were also associated
with two respiratory chain supercomplexes. As previously
shown, the respiratory increase from pyruvate-malate to
ascorbate-TMPD induced an increase in both 2D; and 2D,
content. However, while 2D, interacted with porin in a 220
kDa complex, 2D, was mainly associated with the 1600
kDa supercomplex on ascorbate-TMPD. Nevertheless, the
transition from pyruvate-malate to succinate led to a larger
decrease in D, than CyD (2 fold and 1.4 fold, respectively),
while D, increased in both cases. These observations may
indicate that an additional structural mechanism occurs at
lower fluxes besides oligomerization.

4.3. ANT may be mobilized from a structure responsible
for the mitochondrial permeability transition

In Figure 2B, the amount of D; followed the
decrease in M| when respiration is raised from pyruvate to
succinate, unlike D,, which increased under the same
respiratory conditions. This suggests that there are two
distinct mechanisms, depending on the respiratory chain
activity level, i.e. (i) a mobilization of monomers as
described above and (ii) probably conformational changes
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in the carrier for lower transitions of respiratory steady-
states. On permeabilized human muscle fibers, we titrated
the mitochondrial respiration by CATR and determined the
amount of functional ANT involved in the flux (Figure 3
A) The amount of inhibitor necessary to inhibit all the
carriers involved in the flux (Imax), as well as the
inhibition constant (Ki) are given in Table 1. As previously
observed, the amount of ANT participating in the
respiratory steady-state increased when pyruvate-malate
was replaced with succinate (less than 2-fold), but the Ki
values remained constant. Likewise, adding 10 mM
creatine in the presence of pyruvate-malate with ADP
increased both the respiratory steady-state and the Imax
value, almost to the same extent as succinate (Table 1)
Moreover, the Ki value also remained constant. On the
contrary, adding Ca>" in the presence of pyruvate-malate
with ADP induced an uncoupling of respiration and
decreased the Imax value by half. Threshold curves shown
in Figure 3, B represent the effect of ANT inhibition by
CATR on the respiratory rate. Our results show that ANT
activity can be inhibited by up to 80% on pyruvate-malate
with or without creatine, with only a slight effect on
respiration. However, this excess enzyme activity was not
observed with Ca?', as there was only half the functional
ANT in the ADP/ATP exchange. Creatine was recently
found to inhibit the permeability transition by enhancing
the microcompartmentation between ANT and mtCK (20).
Moreover, we show here that its addition in the cell context
makes it possible to increase the functional amount of
ANT. This effect probably occurs through conformational
changes in the carriers from the ¢ state within a PTP-like
structure with CyD to the m state associated with mtCK.

4.4. Cytochrome c is mobilized through the respiratory-
induced oligomerization of ANT1

As described in Figure 1, cyt ¢ is mainly
associated with porin and M, in the 75 kDa complex.
Furthermore, small amounts have also observed in free-
state in mitochondria respiring on pyruvate-malate with
ADP. Likewise, Figure 4. A shows that, under these
conditions, 81% of cyt c is associated. When respiration
increased from pyruvate-malate to succinate, the decrease
in bound cyt ¢ was concomitant with a proportional
increase in the free-state (Bar graphs in Figure 4A) This
phenomenon is more marked between succinate and
ascorbate-TMPD as the bound state completely disappears
in favor of the free form (80% of total cyt c increase). We
reproduced the same experiments in brain and liver
mitochondria, known to express ANT1 (to a lesser extent
than muscle) and, mainly, ANT2 (Figure 4B) We observed
the presence of bound cyt ¢ in brain (less than in muscle)
but not in liver. Thus, this cyt ¢ mobilization,
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Figure 2. Oligomeric and conformational distributions of ANT1 vary upon distinct respiratory chain activities. (A) 2D gel
analysis with 10% BN-PAGE or (B) 5-13% gradients of muscle mitochondria solubilized with digitonin and respiring with ADP
on the various substrates indicated. Second dimensions were immunoblotted with either Abl or Ab2, together with anti-Porin and
anti-CyD (for gradients) ANT1 monomers M, and M,, dimers D; and D,, and coupled dimers 2D, and 2D, were quantified by
densitometry and normalized by Porin signals. Densitometry analyses are presented in bar graphs as mean = S.E. (n=3) *, P<0.05
versus 2D, or 2D, (or D; or D,) on pyruvate-malate; **, P<0.05 versus 2D, or 2D, on succinate; #, ANT1 forms not detected.
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Figure 3. ANT mobilization occurs in human muscle fibers following changes in respiratory substrates. Example of titration and
threshold curves obtained from a single muscle biopsy. (A) Human fibers taken from biopsies were permeabilized by saponin
and state 3 respiratory rate with ADP was inhibited by CATR on pyruvate-malate with (o) or without (m) creatine 10 mM, or
succinate (A) Same procedure is realized on pyruvate with (O) or without (m) Ca>" 50 pM. (B) Threshold curves on pyruvate-
malate (P), succinate (S), pyruvate-malate with creatine (P+Cr), and pyruvate-malate with Ca>" (P+Ca”") Respective Imax
obtained from three patients are indicated in the bar graphs. *, P<0.05 versus pyruvate-malate; **, P<0.05 versus pyruvate-

malate; ¥, P<0.05 versus pyruvate-malate.

mainly in response to high fluxes, depends on the amount
of ANT1 and is linked to M; oligomerization.

Cyt ¢ in the 75 kDa complex may be more tightly
bound to the inner membrane than in its free state. In
Figure 5, we added various concentrations of Ca®" and
analyzed the cyt ¢ release capacities at the different
respiratory chain activity levels induced. In isolated
mitochondria, a low matricial Ca* uptake was sufficient to
induce a permeability transition leading to the release of
several apoptogenic factors, such as cyt ¢ (21). Figure SA
shows that cyt ¢ was mainly released by Ca’" as the
respiratory rate increased. This effect was inhibited by 10
uM CsA, whereas adding CCCP induced a strong release
compared to pyruvate-malate only. As control, we showed
that the mitochondrial swelling induced by adding 100 pM
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Ca®" was strictly the same, irrespective of the energy
substrate used (Figure 5A)

To determine whether the cyt ¢ pool was affected
by Ca*, we analyzed 2D gels of mitochondria respiring on
various substrates in the presence of 100 uM Ca®* (Figure
5B) As shown in the densitometry analysis, this addition
induced a decrease in bound cyt ¢ (C,) and an increase in
free cyt ¢ (Cy) This mobilization of cyt ¢ resulted from the
uncoupling effect of Ca®" responsible for increasing
respiration. However, this effect was attenuated as
respiration continued to increase. Consequently, the
released cyt ¢ seems to follow ANT mobilization when
respiration increases. This indicates that interactions within
the 75 kDa complex may confer a tight binding of cyt ¢
stored within the inner membrane, as compared to the
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Figure 4. Tightly bound cytochrome ¢ is mobilized as free form and becomes involved in electron transfer through the
respiratory chain. (A) 2D gel analysis with either 10% (gels to the top) or 5-13% gradient BN-PAGE of muscle mitochondria
solubilized with digitonin and respiring with ADP on the various substrates. Second dimensions were immunoblotted with Abl
and anti-Porin, and reprobed with anti-cyt c. Gradient gels were immunoblotted with anti-porin, anti-CyD, and anti-cyt ¢. Bound
and free cyt ¢ were quantified by densitometry and normalized by Porin signals. Results are presented in the bar graph as mean +
S.E. (n=3) *, P<0.05 versus free cyt ¢ on pyruvate-malate; **, P<0.05 versus free cyt ¢ on succinate. (B) Same procedure but
with brain and liver mitochondria. Second dimensions were probed with anti-cyt ¢ and anti-porin.

loosely-bound free state specifically released by a Ca?'-
induced PT.

To illustrate this point, we determined the
respiratory rate of mitochondria at state 4 with various
energetic substrates and after adding Ca** (Figure 5C) The
uncoupling effect induced by 50 pM Ca®>" was observed
when the flux increased on succinate, and accentuated on
ascorbate-TMPD, but not on pyruvate-malate. However,
when the Ca®* concentration increased, the uncoupling
effect disappeared even on succinate and respiration was
inhibited 2-fold on pyruvate-malate with 100 pM Ca”".
This inhibition was considerably more marked in the
presence of CCCP. Moreover, the uncoupling effect on
succinate was abolished by adding 10 pM CsA, which
specifically inhibits the permeability transition by closing
the PTPC. Adding 2mM Ca’*, which was associated with
the strong release of cyt ¢ from mitochondria observed in
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Figure 5A, strongly inhibited mitochondrial respiration.
These data indicate that the mobilization of cyt ¢ by
disassociation of the 75 kDa complex may maintain
respiration despite a slight release by 50 uM Ca". Thus,
the mobilized cyt ¢ may become involved in electron
transfer as well as being releasable by external membrane
disruptions. Consequently, functional cyt ¢ (electron donor
in the respiratory chain) is loosely bound to the
mitochondrial inner membrane in free form, unlike the
tightly bound form in the 75 kDa complex.

4.5. Respiratory-induced structural changes in ANT1
regulate Bax-triggered cytochrome c¢ release from
mitochondria

Previous studies have shown that Bax interacts
with ANT to induce a pore-forming structure, leading to the
release of cyt ¢ and other apoptotic factors from
mitochondria (10; 11; 22; 23; 24; 25). By modifying the
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Figure 5. Ca*"-induced PT triggered the release of loosely-bound cyt ¢ involved in respiration. (A) Cyt ¢ release from
mitochondria respiring on the various substrates induced by various Ca®* concentrations was quantified by western-blot using
anti-cyt c. 100 pM Ca”" was added and mitochondrial swelling (0.5 mg/ml) monitored and measured at 540 nm. (B) Solubilized
mitochondria were analyzed on 2D gels and immunoblotted with anti-cyt c. Cyt ¢ was quantified by densitometry and normalized
by Porin signals. (C) Respiratory rate of isolated muscle mitochondria (0.5 mg/ml) respiring at state 4 on various substrates, in
the presence of various amounts of Ca®". Results are presented in bar graphs as mean + S.E. (n=3) *, P<0.05 versus pyruvate-
malate; **, versus succinate; ¥, versus ascorbate-TMPD. Pyruvate-malate, P; succinate, S; ascorbate-TMPD, A.

experimental procedures (see Material and Methods), on ADP, Bax monomers were associated in distinct complexes
2D gels of mitochondria respiring on pyruvate-malate and exposing the N-ter domain (Figure 6A) Indeed, B;, B,,
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incubated with TX-100 (1.4 g/g) Second dimensions were immunoblotted with either anti-Bax N-20 and anti-cyt c, or anti-
smac/Diablo. Cb, bound cyt c; Cf, free cyt c. Each gel was reprobed with anti-Porin (not shown) to quantify the Bax signals by
densitometry (B1; B2; B3; B4; Bd, Bax dimers; Bo, Bax oligomers) Results are presented in curves as mean + S.E. (n=3) (B)
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and B; Bax monomers were observed to interact in
complexes exceeding 300 kDa, 300 kDa, and 100 kDa,
respectively, whereas B; was mainly found in free
monomeric form. Several studies have shown that, unlike
monomers, the oligomeric form is active in permeabilizing
the outer membrane. Thus, inactive endogenous Bax
monomers are weakly bound to muscle mitochondria and
may interact in specific complexes. Immunoblots with anti-
cyt ¢ revealed two pools, as previously described. The
tightly bound cyt ¢ was exactly colocalized with B;
monomers of Bax associated in a 100 kDa complex.
Moreover, 2D gels immunoblotted with anti-smac/Diablo
showed 30 kDa monomers in the second dimension
associated in 57 kDa dimers from the first dimension. The
results obtained on various respiratory substrates show that,
like cyt ¢, the Bax monomer in the 100 kDa complex
disassociated when respiration increased, resulting in a
larger amount of B, but not B,. As in the case of ANT1
oligomerization accompanied by mobilization of bound cyt
¢, this effect is rather marked between succinate and
ascorbate-TMPD (B3 remained undetectable at high
respiratory rates) Similarly to ANT1 monomers and cyt c,
adding CCCP disassociated Bax from the various
complexes, increasing B,. Unlike Bax, SMAC/Diablo was
insensitive to respiratory modulations.

To determine the molecular events that occur
during the mitochondrial relocation of Bax during
apoptosis, we used the same 2D gels as before with purified
Bax with the C-terminal domain deleted (BaxAC) to
induce oligomerization of BaxAC, we previously incubated
the protein with various concentrations of TX-100 (Figure
6A) The results of adding BaxAC (solubilized with TX-
100/protein ratio of 1.4 g/g) to isolated mitochondria
revealed two new forms i.e. (i) Bax dimers (By)
maintained in the second dimension (45 kDa), mainly
associated in a 150 kDa complex but also in a complex
exceeding 300 kDa, and (ii) Bax oligomers (B,, 65 kDa)
in a complex exceeding 300 kDa. B; was also observed to
increase under these conditions, probably due to
disassociation of B,. However, when BaxAC was added, B;
disappeared. When respiration increased, BaxAC mainly
induced modifications in B3, B,, and B, but not By, B, and
B,. Indeed, the decrease in By in the 150 kDa complex
(mainly during the transition from succinate to ascorbate-
TMPD) correlated quantitatively with the increase in B, in
a complex exceeding 300 kDa. Thus, respiratory-induced
variations in By accompanied the oligomerization of ANT1
monomers. Immunoblots with anti-cyt ¢ showed that
adding BaxAC induced an increase in C¢ by disassociating
the cyt ¢ bound in the 100 kDa structure. This bound pool
was no longer associated with By in the 150 kDa complex,
irrespective of the substrate used, indicating that By was
linked to ANT1 ¢ monomers and porin, but not cyt c.

To investigate whether adding BaxAC released
cyt ¢ and whether this effect was sensitive to respiratory
changes, we incubated isolated mitochondria respiring with
the previous substrates with ADP in the presence of BaxAC
(with 1,4g/g TX-100) Mitochondria were isolated and the
pellet immunoblotted with anti-cyt ¢ and anti-porin (Figure
6B) The densitometry analysis showed that 50 nM BaxAC,
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as well as detergent only, had no effect on the total cyt ¢
content of mitochondria respiring on pyruvate-malate,
while 1uM BaxAC released 40% of the total. Contrary to
control, this effect was gradually abolished when
respiration was increased by succinate and, finally,
ascorbate-TMPD (29% and 6%, respectively)
Interestingly, adding CCCP strongly enhanced this release
(75%) Likewise, adding 1 pM BaxAC also induced
SMAC/Diablo release from mitochondria (48%), but this
effect was insensitive to respiratory states. Nevertheless,
Figure 6C shows that BaxAC-induced cyt c¢ release at low
respiration did not alter the mitochondrial functions.
Indeed, despite a strong cyt ¢ and smac/Diablo release on
pyruvate-malate, the respiratory rate and ATP synthesis
(data not shown) remained at control values, emphasizing
the absence of Ay,, and ApH collapse, even when 40% of
the cyt ¢ was released into the cytosol from the
mitochondria.

5. DISCUSSION

Previous studies have demonstrated that ANT1
monomers may be mobilized and assembled into active
oligomers sensitive to OXPHOS functioning (14). This
paper describes six distinct forms of the carrier present in
muscle mitochondria under phosphorylation conditions.
These forms are distinguished according to their oligomeric
(monomers, dimers, or coupled dimers) and conformational
states (cytosolic or matricial), as well as associations with
other proteins (Figure 7).

These ANTI structures may feature distinct
mitochondrial functions, associated with the respiratory
steady-state. M, monomers are found in free state, unlike
M,, present in a 95 kDa complex. Moreover, we observed
that 80% of the mitochondrial cyt ¢ content interacted in a
complex composed of M;/VDACIl/endogenous Bax
monomer, with reinforced binding to the inner membrane.
According to the apparent mass restriction, only one or two
molecules of cyt ¢, together with a Bax monomer, may
interact per complex. These results emphasize the structural
specificity of ANT1 ¢ monomers to interact with cyt ¢ and
endogenous Bax. We show that M; and M, monomers are
able to oligomerize and create new active c- and m-coupled
dimers (2D;, 2D,) during a strong increase in respiration,
resulting in a metabolic reserve of oxidative
phosphorylation (OXPHOS) activity. The tightly bound
cardiolipin in the crystallographic structure (26) may be
sensitive to Ay, or ApH changes and induce this assembly.

We evidenced another metabolic reserve
mechanism produced by conformational changes in the
carrier. 2D gradient gel analysis showed a PTPC-like
structure combining ANTI1 ¢ dimers (D) with porin and
CyD in a 550-600 kDa complex. These data correlate with
those showing that adding CATR or Atr stabilized ANT1 in
the ¢ conformation required for PTP induction (27), and
that ANT1 but not ANT2 is the dominant apoptosis-
inducing factor in mammalian cells (28, 29). Four
hexokinase isoform 2 (HK 2) molecules and octameric
mitochondrial creatine kinase (mtCK) can be added to
these structures to form, respectively, the 600 and 400 kDa



Respiratory dependent ANT1 interactome

A Low respiratory transitions

Conformational changes

Jozf l JO2/ creahne CsAM I

lons, 800 kDa oomp‘ex 400 kDa comp!ex

small molecules m CYTOSOL
Eowm Ly =
)
-
Permeability P + C-WCYD -

transition

L (pM) Joz\

ATPsynthasome
C VIANT2/PIC

B High respiratory transitions

IJOJ, N ANTm/"I

Bax-induced
tighly bound cyt c release
Ca?-induced loosely
BAKAS bound cyt c release
Oligomerization Mobilization #

ADP Oligomerization

% crroso:.
"lm ‘1‘1
202 M,

MATRIX

N I‘

Iunooupling, ANT1I2\I

Figure 7. Model of respiratory-dependent regulation of ANT functions between energy supply and apoptosis. This model is
based on the identification of direct oligomerization and interactions of ANT1 with other proteins. (A) Conformational
modifications at low respiratory transitions of the carrier from the "cytosolic state" (in a PTP-like structure) toward the
respiratory active "matricial state" by adding either creatine or CsA. (B) The respiratory-induced mobilization of ANT1
monomers is followed by disassociation of the tightly bound cyt ¢ to the loosely-bound state. Release of the associated cyt ¢ was
triggered by BaxAC, unlike Ca**-induced PT affecting the free state. HK2, hexokinase isoform 2; mtCK, mitochondrial creatine
kinase; ¢, ANT1 in "cytosolic state"; m, ANT1 in "matricial state"; PCr, phosphocreatine; Cr, creatine; PiC, phosphate carrier;
“Respirasome” according to (19).

complexes described by (30). Our experiments functional ANT in human muscle fibers increased with
demonstrated that an increase in respiration (with succinate respiration. Creatine, reported to inhibit the permeability
or mtCK substrates) induced a conformational change in transition (20), induced the same increase as succinate. On
ANTI1 from ¢ to m (in the 600 and 400 kDa complexes, the contrary, Ca % known to induce a CsA-sensitive
respectively) (Figure 7) As for the assembly process, the permeability transition at low concentrations (He and
conformational change from ¢ to m may also result in an Lemasters, 2002), reduced the functional ANT involved in
increase in ADP/ATP exchange that could be reinforced by nucleotide  exchange. Thus, as described for
channeling with mtCK, as characterized by the 400 kDa oligomerization (14), this D,/D, transition resulted in the
complex. Indeed, we observed that the amount of excess of enzyme activity shown in the threshold curves.
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This excess maintained a normal respiratory rate until ANT
activity had been 80% inhibited. This property can be
enhanced by channeling between the mtCK and dimeric
ANT m. Consequently, this dynamic equilibrium may be
regulated by respiratory chain activity. In addition, CsA
displaces this equilibrium via the structural effect of closing
PTPC (14), whereas creatine induces this transition
physiologically via a metabolic effect. These data may
explain why different cell energy functioning states
(various OXPHOS substrates or other metabolic processes)
do not display the same sensitivity towards permeability
transition inducers.

Similar mechanisms to ANT involving
oligomerization and conformational changes have already
been demonstrated for other OXPHOS complexes.
Complex I exists in activated and deactivated forms with
distinct kinetic and structural properties (30), dimeric
Complex III consists of active and "silent" monomers for
binding cyt ¢ (31), and, finally, dimerization of ATP
synthase may be regulated by the matricial pH-dependent
binding of the IF1 inhibitor (32) ATP oligomerization is,
therefore, involved in the morphology of mitochondrial
cristae (33). As for ANT, these molecular mechanisms may
be crucial for regulating OXPHOS activity and, thus, the
cell energy supply.

Like ANT, cyt ¢ displays contrasting functions in
mitochondria. Indeed, on the one hand, it is necessary to
the cell energy supply as an electron donor within the
respiratory chain and, on the other hand, its release
activates the apoptosome, thus contributing to the cell death
process. It is not yet known how these contrasting pathways
are activated according to cell energy status. A recent study
shows that cyt ¢ may be either loosely or tightly bound to the
inner membrane by cardiolipin in liver mitochondria
(composed mainly of ANT2). The loosely-bound state is
required for cyt c release from mitochondria (34). We
demonstrated that cyt ¢ was distributed between two distinct
pools at low respiratory chain activity, i.e. a large amount
associated in a complex composed of ANT1 ¢ monomers, a
single Bax monomer, and porin, and a minority in free state.
Interactions with this complex bind cyt c tightly to the inner
membrane. These interactions may be hydrophobic or
electrostatic between the positively charged Lys of cyt ¢ and
the negative facing of the external ring of crystallized
ANT/CATR complex, rather than the non-polar bonds
observed between cyt ¢ and the CYT1 subunit of complex 111
(31). In addition, only the free state of cyt ¢ is involved in
electron transfer through the respiratory chain, rather than the
tightly bound majority stored with the ANTI ¢ monomers.
Ca**-induced PT mobilized the bound cyt ¢, thus increasing the
free active pool. At the molecular level, this mechanism is
correlated with the CsA-sensitive tBid-induced mitochondrial
cristae remodeling required to mobilize cyt ¢ stores (35). We
observed that only the loosely-bound, active cyt ¢ was
released under PT with Ca®', as observed by (13). This
probably explains the AWY,, collapse observed under these
conditions. Indeed, adding Ca®" inhibits respiration for low
fluxes and this effect is strongly enhanced with CCCP,
which probably disrupts weak interactions between
cardiolipin and free monomeric cyt c.
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On the other hand, we observed that endogenous
monomeric inactive Bax associates with ANT1 ¢
monomers to constitute an "apoptotic induction unit"
(AIU), a specific cyt ¢ release pathway capable of inducing
a massive release of this component from mitochondria.
Indeed, added BaxAC homodimerized with endogenous
monomeric Bax already associated in this structure to
mediate a pore-forming structure, releasing large amounts
of stored cyt ¢ (40% of total). This interaction disassociated
the rest of the bound cyt ¢, thus increasing the monomeric
respiratory active pool. Therefore, we can postulate that the
mitochondrial relocation of the full-length native Bax
occurring within cells may form a more efficient structure
for releasing the bound cyt ¢ completely (without affecting
the active pool) These events would make it possible to
activate the death pathway while maintaining the
respiratory active free cyt ¢ in the inner membrane and,
thus, the normal rate of respiration and ATP synthesis
required for caspase activation. This insight is supported by
several studies showing that AW, collapse is not due to a
reduction in the cyt ¢ pool, even after a large release into
the cytosol (36). Moreover, the effect of Bax on such
structure would explain that, once initiated, cyt ¢ is
massively and rapidly released from mitochondria without
any membrane damage or protein import (37). The time
collapse of AW, downstream from the release step depends
on the tissue type and may be due to activated caspases
targeting specific sub-units of OXPHOS complexes, such
as p75 of Complex I (38). The excess M, structure at low
fluxes constitutes a fine component for this fast release.
Indeed, this structure represents 80% of the cyt ¢ stored
with inactive monomers. These mechanisms may impact
the cell process as, several cell lines investigated used
glucose as a glycolytic rather than a respiratory substrate.
Consequently, as Bax-induced cyt c¢ release clearly
decreased with high respiratory chain activity (unlike Ca®"
upload), OXPHOS functioning may regulate the apoptotic
induction triggered by Bax. Unlike cyt ¢, dimeric
smac/Diablo is free in the intermembrane space and its
release is insensitive to respiratory variations. A complex in
excess of 300 kDa that is also recognized by exogenous
BaxAC probably mediates its release pathway.

We observed that the oligomerization of ANTI ¢
monomers made it possible for the mobilized cyt ¢ to be
taken up again in respiration, thus responding to a flux
increase while increasing the amount releasable by Ca®'-
induced PT. Hence, we may distinguish different cases in
terms of the cell's oxidative energy status and sensitivity to
different cell-death inducers. Consistent with previous data
concerning Bax and Bak regulation of endoplasmic
reticulum Ca** (39), we underline that combined
mechanisms, including the permeabilization of OM by
"multidomain " Bcl2 family members along with transient
PT (triggering tightly- versus loosely-bound cyt ¢) are
necessary to fully induce the mitochondrial apoptotic
process. Hence, as illustrated in Figure 7, these new
insights emphasize the close relationships between
structural rearrangements of ANT and molecular apoptotic
events at various cell energy levels. OXPHOS functioning
has to be, therefore, considered a crucial control point for
the events leading to these contrasting pathways.
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