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Under many apoptotic conditions, Bax undergoes conformational rearrangements, leading to its insertion in the mitochondrial
outer membrane as a transmembrane oligomer. At the same time, mitochondria undergo fragmentation and activated Bax was
reported to localize to fission sites. We studied how lipid composition and membrane curvature regulate Bax activation. When
isolated mitochondria were incubated with phospholipase A2, which led to phosphatidylethanolamine and cardiolipin hydrolysis,
tBid and Bax insertion were hindered. We thus studied in liposomes how phosphatidylethanolamine, cardiolipin, and its
hydrolysis products affect Bax activation. Whereas phosphatidylethanolamine, a lipid with negative curvature, did not affect Bax
insertion, it inhibited Bax oligomerization. Conversely, Bax insertion required cardiolipin, and was not blocked by cardiolipin
hydrolysis products. These experiments support a direct role for cardiolipin in the recruitment and activation of Bax. To examine
if the increase in membrane curvature that accompanies mitochondrial fission participates in Bax activation, we studied how
liposome size affects the process, and observed that it was inhibited in small liposomes (p200 nm diameter). Therefore, the
localization of Bax to mitochondrial scission sites does not result from a preference for curved bilayers. Our experiments show
that membrane properties can control the process of Bax activation, providing an additional level to the mechanisms of
regulation of mitochondrial permeability.
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The so-called mitochondrial pathway of apoptosis is central to
the death of cells in response to many cytotoxic stresses.
Much attention has, therefore, been drawn to elucidating the
mechanisms that lead to permeabilization of the mitochondrial
outer membrane (MOM). However, although it is known to be
tightly regulated by pro- and antiapoptotic members of the
Bcl-2 family, it is for the moment unclear how these proteins
coordinately control the release of mitochondrial apoptogenic
factors into the cytosol.1,2 Among the proapoptotic members
of the family, Bax and Bak appear to be the main effectors of
MOM permeabilization.3

Under resting conditions, Bax exists as a soluble protein
in the cytosol, perhaps associated with cytosolic retention
factors, whereas Bak is a resident protein of the MOM,
perhaps found as an inactive complex with VDAC2.3 After
exposure to cytotoxic stresses, Bax and Bak are converted
from inactive monomers to oligomeric transmembrane struc-
tures that promote MOM permeabilization.4–8 These con-
formational rearrangements occur in the MOM and certainly
require a tight cooperation between Bax or Bak, their
activators, and the lipid bilayer.9 Mitochondrial lipids could
participate in these processes in various ways. First, they
could be responsible for the specific recruitment of proteins of
the Bcl-2 family to mitochondria. This appears to be the case
for the activated BH3-only protein tBid, which was proposed to
specifically bind to the MOM via the mitochondria-specific

phospholipid cardiolipin (CL) or one of its metabolites.10–12

Lipids could also assist in regulating the conformational
rearrangements of Bax and Bak, and might contribute to
their localization to specific regions of the MOM. Finally, lipids
could directly participate in the mechanism of MOM permea-
bilization: as regulators of the association between cyto-
chrome c and the mitochondrial inner membrane (MIM),13 as
actors in the remodeling of mitochondrial membranes that
occurs during apoptosis,14,15 or as components of a mixed
lipidic and proteinaceous pore.16–18 In this regard, lipids with
negative intrinsic curvature, such as phosphatidylethanola-
mine (PE), were reported to inhibit the Bax-induced release of
fluorescent compounds entrapped in liposomes.16,18 Interest-
ingly, mitochondrial lipids appear to be modified early
following apoptosis induction. In particular, CL was reported
to be rapidly hydrolyzed10 and oxidized,13 which could provide
signals for the onset of MOM permeabilization.

When cells undergo apoptosis, in addition to MOM
permeabilization, mitochondria more or less coincidentally
fragment. The role of mitochondrial fission for MOM permea-
bilization is not clear, but activated Bax displays a punctuate
distribution at the surface of mitochondria and was reported to
be localized at sites of mitochondrial scission.19 Bax could
interact with proteins of the mitochondrial fission machinery
and/or be recruited to these sites because the bilayer would
display a particular feature promoting Bax oligomerization.
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This could be a particular lipid composition or the curvature
of the bilayer. Certain lipid domains that would facilitate
membrane bending might form, similarly to what has been
reported for phospholipase D and mitochondrial fusion,20 or
because of the separation of ordered and disordered
domains.21 Alternatively, highly bent membranes could
facilitate Bax oligomerization.

We have undertaken a series of in vitro experiments to
study the roles of the lipid bilayer in the processes of Bax
insertion and oligomerization. We show that incubation of
isolated mitochondria with phospholipase A2 (PLA2) comple-
tely prevents the insertion of tBid and Bax in the MOM. As only
few mitochondrial lipids appeared to be significantly hydro-
lyzed by PLA2, we investigated whether any of these lipids
had any impact on in vitro Bax insertion and oligomerization.
We report that independent of tBid, the insertion of Bax
depends on the presence of CL and is not inhibited by the
presence of CL hydrolysis products. Moreover, we show that
PE specifically inhibits the process of Bax oligomerization.
Finally, to investigate a putative role of mitochondrial fission in
Bax activation, we analyzed the effect of the curvature of the
bilayer using liposomes of various calibrated sizes, and report
that Bax oligomerization is prevented in small liposomes
(diameter p200 nm).

Results

Incubation of isolated mitochondria with PLA2 prevents
insertion of tBid and Bax in the MOM. Incubation of
isolated mitochondria with recombinant caspase-8-cleaved
Bid (tBid) triggers Bax activation and leads to MOM
permeabilization.4 Activation of Bax involves exposure of
an N-terminal epitope, insertion in the lipid bilayer, and
oligomerization.3 Recently, under these conditions, activation
of Bax was shown to be abolished if mitochondria were
predigested with proteinase K or trypsin, indicating that, in
addition to tBid, mitochondrial proteins are necessary for Bax
activation.22,23 These proteins could interact with Bax or
could maintain or establish certain characteristics of the lipid
bilayer required for the process. We therefore wanted to
examine if mitochondrial lipids play a role in tBid-induced Bax
activation. We incubated mitochondria isolated from HeLa
cells with PLA2, an enzyme that cleaves fatty acyl chains of
phospholipids at the position sn-2 of the glycerol moiety,
and examined the efficiency of insertion of tBid and of
endogenous Bax through classical alkali resistance tests
(Figure 1a).5 Incubation with low amounts of PLA2 (0.3 or
1.5mg/ml) decreased the degree of insertion of tBid and of
Bax, while leaving the level of insertion of two other MOM
proteins – Bcl-xL and Bak – unchanged. Results displayed in
Supplementary Figure 1 show that the total amounts of tBid
and of Bax associated with mitochondria were not diminished
after the incubations, ruling out the possibility that our
observations resulted from a degradation of the proteins or
from their dissociation from the MOM.

As insertion of Bax is induced by tBid, the drop in Bax
insertion could have resulted from the low amount of tBid
inserted in mitochondria. Therefore, we attempted to restore
tBid insertion in PLA2-treated mitochondria by increasing its

concentration from 20 to 100 nM (Figure 1b). Under these
conditions, whereas insertion of tBid was restored, Bax
insertion remained lower than in the control. Although we
cannot completely exclude the possibility that in PLA2-treated
mitochondria, tBid could not adopt a particular conformation
required for Bax activation, these results suggest that
mitochondrial lipids directly influence the process of Bax
activation. Thin-layer chromatography (TLC) analysis of
mitochondrial lipids after incubation with PLA2 indicated that
among the major mitochondrial phospholipids, PE and CL
showed a significant decrease, while dilysocardiolipin (DCL)
and fatty acids accumulated (Figure 1c).24,25 Moreover,
during the time course of this incubation, mitochondria did
not swell and did not show any gross change of morphology
(data not shown).

Collectively, these experiments show that insertion of tBid
and of Bax in mitochondria requires the presence of specific
phospholipids or can be inhibited by the accumulation of their
hydrolysis products. We therefore undertook a series of in
vitro experiments to identify which mitochondrial lipid compo-
nents modulate the efficiency of Bax activation.

CL is essential for Bax activation in vitro. CL or its
derivatives have been shown to be responsible for the
specific recruitment of tBid to mitochondria,11,12 and previous
reports suggested that CL is required for Bax to permeabilize
synthetic liposomes.17,18 Therefore, we analyzed the
importance of CL for Bax activation in vitro. We prepared
liposomes containing phosphatidylcholine (PC), the most
abundant cellular phospholipid, and decreasing con-
centrations of CL, from 40 to 0%. After ultracentrifugation,
we examined the binding of tBid and of Bax to liposomes, as
well as Bax oligomerization efficiency. For this purpose, we
took advantage of a recently described in vitro assay based
on the observation that partial resistance of Bax to trypsin
digestion (i.e., detection of a trypsin-resistant Bax fragment,
Tr-Bax) indicates the presence of active Bax oligomers.26

Results displayed in Figure 2a show that the efficiency of
binding of tBid and of Bax to liposomes and the amount of
Tr-Bax formed diminished in parallel with the amount of CL.
Even at 40% CL, tBid was still required for efficient binding
and oligomerization of Bax (Supplementary Figure 2).
Therefore, since the binding of tBid was also dependent on
CL, we prepared liposomes containing PC and the negatively
charged phospholipid phosphatidylserine (PS), which can be
bound by tBid, albeit with a lower affinity.12 We examined the
efficiency of Bax binding and oligomerization in presence
of 10, 100, or 500 nM tBid. Even at 500 nM, and although
tBid bound efficiently to liposomes, Bax binding was only
moderately increased, and no Tr-Bax could be detected
(Figure 2b). Similar results were obtained with liposomes
containing PC and another negatively charged phospholipid
phosphatidylinositol (PI, data not shown). Therefore,
although we cannot exclude the possibility that in the
absence of CL, tBid cannot adopt a conformation required
for its activity, CL appears to be important for the recruitment
of Bax and its oligomerization in liposomes.

To circumvent the requirement of tBid and to unequivocally
assess how lipids directly affect Bax activation, we examined
the insertion of recombinant monomeric Bax in mitochondria

Lipids as regulators of Bax activation
S Lucken-Ardjomande et al

930

Cell Death and Differentiation



isolated from yeast cells. We compared its efficiency of
insertion in mitochondria purified from a wild-type and a
mutant strain deleted for the gene coding for CL synthase
(CLS, Dcrd1), and therefore deficient in CL (Figure 3a and b).
Unlike what was previously reported,27 we observed a
significant decrease in the amount of Bax inserted in CL-
deficient mitochondria. However, in the initial study of Iverson
and co-workers,27 recombinant Bax treated with the detergent
octyl-glucoside, well known to promote artificial Bax oligomer-
ization,28 was used, thereby probably preventing any exam-
ination of the dependence of Bax activation on lipids. Although
the presence of tBid did not potentiate Bax activation, we also
observed a decrease in the amount of tBid inserted in CL-
deficient mitochondria (Figure 3a), in agreement with the fact
that it was shown to be CL-dependent.12 These observations
strongly support a direct requirement of CL for the initial steps
of Bax activation.

PE specifically inhibits Bax oligomerization in vitro. We
then examined whether PE had any effect on tBid-induced
Bax insertion in isolated liposomes. Results displayed in
Figure 4a show that Bax inserted equally well in the absence
or presence of PE (20%), suggesting that PE digestion
was not responsible for the lack of insertion of Bax in

PLA2-treated mitochondria. Recently, however, PE was
reported to inhibit Bax-induced permeabilization of synthetic
liposomes.18 We thus wanted to examine whether PE had
any effect on the efficiency of Bax oligomerization in vitro.
Using the previously described trypsin resistance assay,
we examined the effect of PE on tBid-induced Bax
oligomerization, gradually replacing PC with PE
(Figure 4b). Up to 15%, PE did not modify the amount of
Tr-Bax formed, but when the concentration of PE was raised
to 20%, Bax oligomerization was inhibited, although the
amount of Bax and tBid bound to the bilayer did not change.
In comparison to the dependence on tBid, the specificity
of the effect of PE on Bax oligomerization was striking
(Supplementary Figure 2). As a first control, we used
recombinant Fis, a mitochondrial protein with a single
transmembrane domain. The insertion of Fis in liposomes
was not abolished by the presence of PE, and Fis was
equally sensitive to trypsin digestion using the two different
liposomes (Figure 4c), indicating that PE did not simply
impact on the activity of trypsin. To verify that the inhibition of
Tr-Bax formation at 20% PE was not linked to the reduction
of PC (from 60 to 40%), we analyzed, as a second control,
the activation of Bax in liposomes containing 20% PI, and
observed neither a difference in the efficiency of Bax binding

Figure 1 tBid and Bax do not insert in PLA2-treated isolated mitochondria. Mitochondria were isolated from HeLa cells and incubated without or with PLA2 (0.3 or 1.5
mg/ml). Reactions were stopped by the addition of EGTA. (a) A further incubation in presence of tBid (20 nM) was performed, and proteins inserted in the mitochondrial
membranes were analyzed by immunoblotting after extracting peripheral proteins in an alkaline solution of sodium carbonate. An antibody directed against the MIM protein
SLP-2 was used as a loading control. Blot is representative of three independent experiments. (b) Similarly, insertion of tBid and Bax in PLA2-treated mitochondria was
assessed after incubation with 20 or 100 nM tBid. PLA2-treated samples were assayed in duplicate. For each condition, the intensity of the band corresponding to Bax was
quantified by densitometric analysis and ratios to the intensity of the band obtained in the presence of tBid without any PLA2 treatment were calculated. Values are means of
four independent experiments±S.E.M. ** Po0.002, *** Po0.0005. (c) The lipid composition of PLA2-treated HeLa mitochondria was analyzed by TLC. Close to the fatty
acid band are spots caused by the solvent front (*). The TLC is representative of seven independent experiments
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nor in the degree of tBid-induced Bax oligomerization
(Figure 4d).

These experiments suggest that a decrease in the amount
of PE in the MOM cannot be responsible for the inhibition
of tBid-induced Bax activation in isolated PLA2-treated
mitochondria. Moreover, they highlight an effect of PE,
a phospholipid with negative intrinsic curvature, on the
efficiency of Bax oligomerization.

CL hydrolysis products do not prevent Bax insertion in
vitro. To examine if products of PLA2 hydrolysis might be
responsible for an inhibition of Bax and tBid insertion in
isolated mitochondria, we first added linoleic acid (C18:2),
the principal fatty acyl chain of CL, to PC/CL liposomes and
examined Bax activation in vitro. Linoleic acid potentiated the
binding of tBid and Bax to liposomes, but did not impact on
the efficiency of Bax oligomerization (Figure 5a), suggesting
that the accumulation of fatty acids is not expected to prevent
the insertion of Bax and tBid in the MOM.

PLA2 hydrolysis of isolated HeLa mitochondria also led
to the formation of lysocardiolipin derivatives. Therefore, we
examined if CL hydrolysis products would prevent Bax
insertion in vitro. We hydrolyzed pure CL to obtain a mixture
of CL, monolysocardiolipin (MCL), DCL, and fatty acids, as
shown by TLC analysis of the phospholipids (Figure 5b) and
compared the efficiency of Bax activation using untreated
or PLA2-treated CL (Figure 5c). The binding and insertion of
tBid and Bax were similar in the absence or presence of
lysocardiolipin derivatives, suggesting that formation of CL
hydrolysis products was not responsible for the inhibition of
Bax insertion in PLA2-treated mitochondria. Moreover, further
digestion of CL to DCL and fatty acids did not allow any
Bax-binding to the liposomes (data not shown). Therefore,
complete digestion of CL to DCL in the MOM of isolated
mitochondria (which most often appears to be the case upon
PLA2 digestion in vitro) is probably responsible for the lack of
Bax insertion following PLA2 treatment. Results displayed in
Figure 5c also indicated that CL hydrolysis led to an inhibition
of Bax oligomerization. This could be linked to a modification
of some characteristics of the lipid bilayer, or to a decrease in
the CL level, below a certain threshold required for Bax
oligomerization. Therefore, whereas MCL, perhaps in combi-
nation with fatty acids, can compensate for the partial loss of
CL and restitute efficient Bax insertion in vitro, it cannot
sustain Bax oligomerization.

Bax does not oligomerize in small isolated liposomes
in vitro. In addition to lipid composition, the shape of
mitochondrial membranes might have an impact on Bax
activation. Recruitment of Bax to mitochondrial fission sites19

could result (i) from its interaction with mitochondrial fission
proteins, (ii) from its binding to specific lipid microdomains,
or (iii) from a preference of Bax for curved bilayers;
mitochondria typically have a diameter of 500–700 nm, and
mitochondrial constriction sites in yeast were reported to be
B100 nm in diameter.29 To test the latter possibility, we
analyzed the efficiency of Bax oligomerization in vitro using
liposomes of different sizes. We prepared liposomes with a
composition reflecting that of the MOMs (PC/PE/PI/CL/
cholesterol 48/25/12/6/9),30 and either performed a series

Figure 2 CL is essential for Bax binding and oligomerization in vitro. (a)
Liposomes containing PC and decreasing amounts of CL (from 40 to 0%) were used
in tBid-induced Bax binding (– trypsin) and oligomerization (þ trypsin) assays. (b)
Similarly, PC/CL 60/40 and PC/PS 60/40 liposomes were assayed for Bax activation
using 10, 100, or 500 nM tBid. The lower tBid band (*) is a minor Bid fragment
obtained after caspase-8 cleavage of the recombinant protein. (a, b) Blots show
duplicates and are representative of three independent experiments

Figure 3 CL is essential for Bax insertion in yeast mitochondria. Mitochondria
were isolated from wild-type (wt) or CL-deficient (D) yeast cells, and incubated for
various time points (0, 10, or 30 min) with recombinant Bax (100 nM) in the absence
(�) or presence (þ ) of tBid (20 nM). (a) The amount of Bax and tBid inserted in the
membranes was assessed by immunoblotting the pellets obtained after a sodium
carbonate treatment of mitochondria. An antibody directed against yeast Hsp82 was
used as a loading control. (b) For each condition, the intensity of the band
corresponding to Bax was quantified by densitometric analysis and ratios to
the intensity of the band obtained in wild-type mitochondria after a 30 min
incubation with tBid were calculated. Values are means of three independent
experiments±S.E.M. *Po0.03
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of freezing and thawing cycles (F/T), or extruded liposomes
through polycarbonate filters with pore diameters ranging
from 800 to 200 nm. Liposomes were reconstituted in a
sucrose solution, iso-osmotic with the KCl buffer used in our
assays, a procedure that did not affect the outcome of in vitro
Bax activation assays (data not shown). Liposomes were
visualized by microscopy after staining with 10-N-nonyl-
acridine orange (NAO, Figure 6a). F/T liposomes were
heterogeneous in size, and large liposomes (45 mm
diameter) were often observed. With negative stain

electron microscopy, a clear difference between the
dimensions of the different populations of extruded
liposomes was observed (Figure 6a). Dynamic light
scattering, although less suitable for analyzing the size
distribution of large particles, also showed that we had
obtained distinct populations of liposomes, with mean
hydrodynamic radii in agreement with the diameters of the
pores of the filters (Supplementary Figure 3a).

When in vitro Bax activation assays were performed with
these different preparations of liposomes, we observed that

Figure 4 PE specifically inhibits Bax oligomerization in vitro. (a) PC/CL 60/40 or PC/CL/PE 40/40/20 liposomes were incubated with Bax and tBid. The insertion of Bax in
the bilayer was assessed after extracting peripheral proteins in a solution of sodium carbonate and analyzing the pellets obtained by immunoblotting. (b, d) Liposomes
containing PC, CL, and increasing amounts of PE or PI were used to analyze the efficiency of tBid-induced Bax oligomerization in vitro. The amount of Bax and tBid bound to
the liposomes was assayed by immunoblotting (– trypsin), as well as the fraction of Bax oligomerized (þ trypsin). (c) As a control, the binding of recombinant Fis (50 nM) to
PC/CL 60/40 and PC/CL/PE 40/40/20 liposomes was tested in vitro, as well as its resistance to trypsin degradation. (a–d) Results are representative of at least three
independent experiments. All blots show duplicates

Figure 5 CL hydrolysis products do not prevent Bax insertion in vitro. (a) The effect of linoleic acid (0– 10%) on Bax activation in PC/CL liposomes was examined in vitro.
The binding of tBid and of Bax to liposomes (– trypsin) as well as the efficiency of Bax oligomerization (þ trypsin) were assessed by immunoblotting. (b, c) CL was incubated
in the absence or presence of PLA2. Lipids were analyzed by TLC (b) and used in combination with PC (PC/CL 60/40) to examine the efficiency of Bax activation in vitro (c).
The binding and insertion of tBid and Bax were assessed, as well as the efficiency of Bax oligomerization. (a, c) Blots show duplicates and are representative of three
independent experiments
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whereas Bax bound efficiently to large liposomes and
oligomerized, with 200 nm liposomes, it bound slightly less
efficiently and Tr-Bax was hardly detectable, indicating that
Bax oligomerization was inhibited in small liposomes
(Figure 6b). Similarly, Bax oligomerization was completely
prevented in liposomes extruded through filters with 100 nm
pores (data not shown). In contrast, tBid bound well to
liposomes, independent of their size. All of these different
liposomes pelleted efficiently, ruling out the possibility that the
lack of Bax oligomerization resulted from the loss of small
liposomes during the ultracentrifugation step (Supplementary
Figure 3b). These experiments suggest that Bax does not
preferentially oligomerize in mitochondrial fission sites be-
cause of the local curvature of the membrane.

Discussion

The importance of Bax and Bak for the so-called intrinsic
pathway of apoptosis has been long known, since the
observation that cells lacking Bax and Bak are resistant to
many apoptotic insults.31 Under normal conditions, Bax exists
as a soluble monomer, and Bak is already integrated in
the MOM. Activation of the two proteins leads to their

oligomerization in the lipid bilayer, resulting in MOM
permeabilization. These processes need to be tightly
controlled, as cytochrome c release has often been
shown to be the point of no return, leading to demise of the
cell.32 Similarly to what has been reported for protein
digestion,22,23 we show that artificially modifying the composi-
tion of mitochondrial membranes with PLA2 inhibits Bax
and tBid insertion, underlining the role played by the lipid
composition and/or the intrinsic properties of the MOM in
these processes.

CL is a mitochondria-specific phospholipid that was
repeatedly shown to play important roles in apoptosis.33

Many groups independently showed that CL or its metabolites
are important for the activities of tBid and/or Bax, and to
control the binding of cytochrome c to the MIM.12,13,17,18,34

Rapidly following apoptosis induction, CL was shown to
redistribute to the MOM35,36 and to be metabolized by
peroxidation13 and hydrolysis,10 although the precise time
course of events relative to Bax activation and MOM
permeabilization is still unclear. Our results suggest that
whereas a rise in the level of CL in the MOM would facilitate
Bax activation, Bax oligomerization would be prevented by CL
hydrolysis, suggesting that it occurs after Bax activation.

Figure 6 Small liposomes do not sustain Bax oligomerization in vitro. (a) MOM-like liposomes were prepared by F/T or were extruded through polycarbonate filters with
defined pore sizes (800, 400, and 200 nm). Their size distribution was checked by staining with NAO and visualization under a microscope, or by negative stain electron
microscopy (EM). (b) These liposomes were used in tBid-induced Bax activation assays in vitro to examine the efficiency of binding of tBid and Bax (– trypsin), and Bax
oligomerization (þ trypsin). Blot shows duplicates. The intensities of the bands corresponding to Bax bound to the liposomes (white bars) and to Bax oligomers (black bars)
were quantified by densitometric analysis, and ratios to the intensities obtained with F/T liposomes were calculated. Values are means of four independent
experiments±S.E.M. *Po0.03, ****Po0.00001
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Recently, decreasing CL levels in the MOM by expression of a
dominant negative mutant of phospholipid scramblase 3 or
with specific small hairpin RNAs (shRNAs) were shown to
increase the resistance of cells to apoptosis-inducing
agents.35,37 Our in vitro experiments suggest that a PLA2-
sensitive phospholipid present in low amounts in the MOM is
essential for the early steps of Bax activation. CL appeared as
the most likely candidate, since its low abundance in the MOM
and its negative charge would be compatible with a high
efficiency of hydrolysis by pancreatic PLA2.24 Indeed, our
in vitro studies show that CL is required for Bax binding and
oligomerization in isolated liposomes, independent of the
recruitment of tBid, and that Bax insertion is inhibited in CL-
deficient yeast mitochondria. Many doubts have, however,
recently been raised about the importance of CL for Bax
activation, essentially based on the observation that Bax
activation can occur in the absence of CL.38–40 However, it is
possible that under certain circumstances, other phospho-
lipids, such as phosphatidic acid or some phosphoinositides,
might replace CL, and that what is important is not CL per se,
but the properties it confers to the lipid bilayer. The human
gene coding for CLS, the enzyme catalyzing the final step of
CL biosynthesis, was recently identified,41,42 and in one study,
the impact of downregulating the expression level of the
enzyme using shRNAs on the sensitivity of cells to apoptosis
was analyzed.42 Stable cell lines expressing these shRNAs
and containing lower CL levels, as revealed by the amount of
[3H] incorporated in CL after a 24 h labeling with [3H]-palmitic
acid, were selected. These clones were more susceptible to
apoptosis than clones expressing control shRNAs.42 How-
ever, our results suggest that downregulating the expression
of CLS with shRNAs could impact on the rate of CL synthesis
reflected in the incorporation efficiency of [3H]-palmitic acid
without altering total CL levels (Supplementary Figure 4).
Accordingly, transient downregulation of CLS with shRNAs
did not alter the efficiency of Bax activation both in vitro upon
incubation of isolated mitochondria with tBid and following
exposure of cells to actinomycin D or staurosporine (Supple-
mentary Figure 5). Unfortunately, in their paper, Choi et al. did
not measure total CL levels.42 Therefore, the significance of
CL in mammalian cells for Bax activation and MOM
permeabilization still needs to be further examined, even
though the in vitro results on isolated mitochondria presented
here further support the idea that CL, or the bilayer structure it
creates, plays an important role in the process. Indeed, in
comparison to other lipids, CL possesses the capacity to
adopt both flat and hexagonal II phase structures, which could
explain its enrichment in mitochondrial contact sites. The
presence of CL might thus improve the flexibility of the bilayer
required to accommodate insertion of Bax and formation of
large Bax oligomers.

PE did not impact in vitro on Bax or tBid insertion, but at 20%
drastically inhibited Bax oligomerization. Interestingly, PE was
recently reported to inhibit the permeabilization of liposomes
induced by oligomerized Bax.18 As PE did not impact on Bax
insertion, the authors proposed that, because of its intrinsic
negative curvature, PE directly inhibits opening of a lipidic
pore. Our results, however, suggest that PE could also inhibit
liposome permeabilization because of an inhibition of Bax
oligomerization.

The sensitivity of the Bax activation process to character-
istics of the lipid bilayer suggests that lipids constitute an
additional mode of regulation of Bax activation. The early lipid
modifications that occur following apoptosis induction10,13 or
the interaction between tBid and the MOM11 could change
the properties of the membrane in such a way that Bax
oligomerization and MOM permeabilization would only then
become possible. Lipids probably also contribute to Bax
activation by favoring its insertion and oligomerization in
certain regions of the MOM, and inhibiting them in others. The
punctuate distribution of activated Bax in mitochondria and in
particular its association with mitochondrial scission sites
could be linked to interactions between Bax and mitochondrial
fission proteins.19 Alternatively, and probably not exclusively,
Bax could specifically interact with lipids concentrated in these
constriction sites, such as CL whose structure might facilitate
membrane fission events, or Bax localization could even
result from its exclusion from ordered domains of the MOM.

Recently, an impressive number of Bax-interacting proteins
have been identified, but the relevance of these interactions
for controlling cell survival and death is questionable.3 Indeed,
these proteins do not share a common domain or activity
that could explain how they might control the conformational
rearrangements of Bax. Moreover, when mapping experi-
ments were undertaken, diverse regions of Bax were
identified. Therefore, given the well-known stickiness of Bcl-2
family proteins,2 one might question whether controlling Bax
activation is really the way they impact on cell survival and
death. So far, the roles of lipids in regulating the conforma-
tional rearrangements of Bax and Bak have probably been
underestimated. Bax and Bak have to remodel in a lipid
environment, and many physical parameters defined by the
precise composition of the bilayer (hydrophobic thickness,
lateral pressure) might have an impact on the efficiency of
their insertion and oligomerization. Therefore, understanding
precisely how lipids contribute to the activation of Bax and Bak
is certainly required to have a complete comprehension of
these processes and to imagine new ways to impact on cell
survival and death.

Materials and Methods
Cell culture and transfection. HeLa cells (European Collection for Cell
Cultures) were grown in DME supplemented with 10% FCS, 100 U/ml penicillin,
0.1 mg/ml streptomycin, 2 mM glutamine, and maintained in 5% CO2 at 371C.
Culture plates were from Nunc; all other cell culture reagents were from Sigma.

Recombinant proteins. Recombinant His-tagged full-length Bax, caspase-8-
cleaved Bid (tBid) and His-Fis were purified as described previously.4,23,26

Mitochondria isolation. HeLa cells were scraped off from plates and washed
in cold PBS. Mitochondria were purified following a previously described protocol,14

with slight modifications. In brief, cells were resuspended in MB buffer (210 mM

mannitol, 70 mM sucrose, 1 mM EDTA, 10 mM Hepes, pH 7.4) containing protease
inhibitors (Roche), and mechanically broken three times using a 2 ml glass/glass
Dounce homogenizer (Kontes) (20, 15, and 15 strokes). Homogenates were cleared
at 1500� g and mitochondria were spun down at 10000� g. Protein
concentrations were measured with a Bradford assay (Bio-Rad Laboratories) and
processed for further tests.

PLA2 hydrolysis. Isolated HeLa mitochondria (1 mg/ml) were incubated with
PLA2 from porcine pancreas (0.3 or 1.5mg/ml, Sigma) in KCl buffer (125 mM KCl,
4 mM MgCl2, 5 mM KH2PO4, 10 mM Hepes, pH 7.4) in the presence of 0.5 mM
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CaCl2, for 10 min at 301C. Reactions were stopped with 1 mM EGTA, and lipids were
extracted for TLC analysis, or mitochondria were processed for further tests.

Pure CL (2mg/ml) was hydrolyzed with PLA2 (3mg/ml) in (50/50) water/EtOH,
5 mM tris pH 7.4, 1 mM CaCl2, for 5 min at 301C. Reaction was stopped with EGTA
(2 mM); lipids were extracted, dried under nitrogen, and resuspended in CHCl3.

tBid-induced Bax insertion in isolated mitochondria. Mitochondria
were resuspended at 1 mg/ml in KCl buffer supplemented with succinate (5 mM) and
EGTA (0.5 mM). tBid (20 or 100 nM) was added to the samples and a 12 min
incubation was carried out at room temperature. Samples were centrifuged (5 min,
10 000� g, 41C). Supernatants were recovered and analyzed by immunoblotting,
and pellets were resuspended at 0.5mg/ml in freshly made Na2CO3 (0.1 M); they
were then incubated on ice for 30 min and spun for 30 min at 100 000� g, 41C.
These pellets were analyzed by immunoblotting.

Lipid extraction and TLC analysis. Mitochondria (50 mg protein) or
liposomes (50 mg lipid) were resuspended in 260ml of 0.9% NaCl and 10 mM HCl
aqueous solution. MeOH (666ml) and CHCl3 (333ml) were added, and samples
were vortexed and incubated on ice for 10 min. CHCl3 (333ml) and 0.9% NaCl,
10 mM HCl (333ml) were further added, and samples were again vortexed and
incubated on ice for 10 min. After a brief centrifugation (5 min, 250� g, 41C), the
organic phase was recovered and dried under nitrogen at 301C. Dried lipids were
resuspended in a small volume of CHCl3 and spotted on silica gel 60 TLC plates
(Merck). Unless otherwise stated, plates were developed using a CHCl3/MeOH/
water (43/17/2.7) mixture. Plates were air-dried, bathed in a copper (II) acetate
solution (3%) in 8% H3PO4, and heated to 1201C for 5–15 min. Commercial lipids
were used to identify the spots. Their intensity was quantified using ImageJ (http://
rsb.info.nih.gov/ij/).

Immunoblotting and immunocytochemistry. Samples were
separated in polyacrylamide gels and transferred to Hybond-P membranes
(Amersham Pharmacia). Immunoblotting was performed with the following
antibodies: Bax (BD-Pharmingen), tBid (R&D Systems), Fis and caspase-3
(Alexis Biochemicals), polyclonal cytochrome c, Smac/DIABLO (ProSci Inc.), Bcl-xL

(Transduction Laboratories), polyclonal SLP-2 (da Cruz, in preparation), Bak
(Upstate Biotechnology), actin (Sigma), aldolase (Chemicon), and yeast Hsp-82 (gift
from D Picard).43 Secondary antibodies (anti-mouse and anti-rabbit from
DakoCytomation, anti-goat from Santa Cruz Biotechnology, and anti-chicken)
were coupled to horseradish peroxidase and signals were detected by ECL.

Densitometric analysis of the bands was performed by analyzing the films using
ImageJ (http://rsb.info.nih.gov/ij/). Statistical significance was assessed using a
paired Student’s t-test.

Preparation of liposomes and in vitro Bax oligomerization
assay. Egg yolk PC, bovine heart CL, bovine brain PE, bovine liver PI, CHO,
and linoleic acid were from Sigma. Lipids were mixed (w/w ratios) and dried under
nitrogen at 301C. They were incubated with KCl buffer for 20 min on a rotating
wheel, and completely resuspended by gentle vortexing. Five cycles of freezing in
liquid nitrogen and thawing at 301C were performed. Bax activation assays were
then undertaken. Unless otherwise stated, liposomes (1mg/ml in KCl buffer) were
incubated with recombinant His-Bax (100 nM) and tBid (10 nM) for 30 min at 301C.
Unbound proteins were removed by ultracentrifugation (30 min, 180 000� g, 101C).
The pellets were then resuspended in KCl buffer; half of each pellet was kept to
analyze the binding of Bax and tBid, while the other half was incubated with trypsin
(0.17 mg/ml) for 2 h at 301C. Reactions were stopped with trypsin inhibitor (1.4
mg/ml, Sigma). The amounts of proteins bound to liposomes and the fraction of Bax
resistant to trypsin digestion were analyzed by immunoblotting. To test the insertion
of Bax or tBid in the lipid bilayers, the pellets were instead incubated with Na2CO3

(0.1 M) for 30 min on ice. After ultracentrifugation, the pellets were analyzed by
immunoblotting.

Isolation of yeast mitochondria. The homozygous diploid deletion strain
Dcrd1 and the isogenic wild-type strain BY4743 (Euroscarf, Germany) were grown
in YPD medium following classical procedures. In logarithmic phase, spheroplasts
were prepared as described44 and mitochondria were purified essentially according
to Iverson et al.27 They were then incubated at 1 mg/ml in KCl buffer supplemented
with succinate (5 mM) and EGTA (0.5 mM) with recombinant His-Bax (100 nM) in the
absence or presence of tBid (20 nM) at room temperature. After centrifugation at
10 000� g to remove any unbound proteins, the pellets (0.5mg/ml) were incubated

for 30 min on ice in Na2CO3 (0.1 M). After a 30 min ultracentrifugation at
100 000� g, Bax and tBid insertion in the membrane pellets were examined by
immunoblotting.

Extrusion of liposomes. As described above, liposomes of defined
compositions were prepared, but in a sucrose solution, iso-osmotic with the KCl
buffer. After five F/T cycles, liposomes were extruded 10 times through
polycarbonate filters with pores of 800, 400, 200, or 100 nm diameter (Reichelt
Chemietechnik, Heidelberg, Germany). Equal amounts of lipids were used in in vitro
Bax activation assays, following the protocol described above. After the
ultracentrifugation step, 10% of the pellets were kept for lipid extraction and TLC
analysis.

Visualization of liposomes. NAO (5 mM) was added to liposomes, which
were then visualized using a Zeiss Axiophot microscope. Pictures were taken using
a QImaging Retiga Ex camera with Openlab 3.5.0 (Improvision).

Carbonated formvar-coated copper electron microscopy grids were glow
discharged and covered with 10ml drop of liposome solution for 45 s, then dried
by placing their side on a filter paper. The grids were then rapidly rinsed with two
drops of water, and successively placed on two 200 ml drops of uranyl acetate 2%,
for 1 and 30 s. The excess liquid was then removed on a filter paper. The grids were
examined at 60 kV using a Philips M400 transmission electron microscope.

Dynamic light scattering. Extruded liposomes were diluted in KCl buffer to
0.25mg/ml and analyzed by DLS at 901 with ALV-CGS3 (Langen, Germany). This
compact goniometer system uses a 20 mW He-Ne laser of wavelength 633 nm.
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