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Although mitochondria are usually considered as supporters of life, they are also involved in
cellular death. Mitochondrial outer membrane permeabilization (MOMP) is a crucial event
during apoptosis because it causes the release of proapoptotic factors from the mitochondrial
intermembrane space to the cytosol. MOMP is mainly controlled by the Bcl-2 family of
proteins, which consists of both proapoptotic and antiapoptotic members. We discuss the
current understanding of how activating and inhibitory interactions within this family lead to
the activation and oligomerization of MOMP effectors Bax and Bak, which result in mem-
brane permeabilization. The order of events leading to MOMP is then highlighted step by
step, emphasizing recent discoveries regarding the formation of Bax/Bak pores on the outer
mitochondrial membrane. Besides the Bcl-2 proteins, the mitochondrial organelle contrib-
utes to and possibly regulates MOMP, because mitochondrial resident proteins and mem-
brane lipids are prominently involved in the process.

itochondria are essential for the life of the
Mcell. They produce most of the ATP via
oxidative phosphorylation thanks to the res-
piratory chain that is embedded in the inner
mitochondrial membrane. Consequently, mito-
chondrial dysfunction is implicated in the de-
velopment of many human diseases, in particu-
lar, neurodegenerative disorders (Lin and Beal
2006). Mitochondria are also prominently in-
volved in cell death, because they play a crucial
role in many apoptotic responses. Apoptosis is a
self-destruction program that is essential during
the development of multicellular organisms. Its
dysregulation has also been recognized as a main

feature of many pathological conditions, espe-
cially cancer (Llambi and Green 2011).

The executioners of apoptosis are a family
of cysteine proteases termed caspases that cleave
avariety of cellular targets, resulting in morpho-
logical changes, degradation of genomic DNA,
and, ultimately, phagocytic removal of the apo-
ptotic cell (Taylor et al. 2008). Caspases are syn-
thesized as inactive zymogens that become ac-
tivated after regulated limited proteolysis. Two
different pathways of apoptotic signaling that
result in the activation of executioner caspases
3 and 7 can be distinguished. In the extrinsic
pathway, binding of ligands such as FasL or
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TNFa to a death receptor on the plasma mem-
brane leads to the activation of initiator caspase
8. Active caspase 8 propagates the signal by di-
rectly cleaving and thereby activating caspases 3
and 7, which continue a proteolytic cascade ul-
timately leading to the removal of the cell.

The intrinsic pathway, on the other hand, is
initiated upon exposure to a number of stress
situations, including DNA damage. A subclass
of the Bcl-2 protein family termed BH3-only
proteins (see below) becomes activated after an
internal stress stimulus and translocates to the
outer mitochondrial membrane (OMM ), where
they orchestrate a process called mitochondrial
outer membrane permeabilization (MOMP).
As an outcome of this process, pores are formed
in the OMM, membrane integrity is lost, and
contents of the intermembrane space gain ac-
cess to the cytosol. One of the molecules that
is rapidly released to the cytosol is cytochrome
¢, which is normally a soluble electron carrier
between respiratory complexes III and IV. To-
gether with the proapoptotic cytosolic factor
APAF1, cytochrome c assembles into a caspase-
activating complex termed the “apoptosome.”
This complex subsequently activates caspase 9,
which is able to cleave caspases 3 and 7, proceed-
ing with the same downstream cascade as in
the extrinsic pathway. Other intermembrane
space proteins also contribute to cell death after
being released into the cytosol (e.g., SMAC/Di-
ablo, which blocks the caspase inhibitor pro-
tein XIAP).

Remarkably, the two pathways are not com-
pletely independent. Cross talk between the ex-
trinsic and intrinsic pathways exists because of
caspase 8-dependent cleavage of the BH3-only
protein Bid. Upon cleavage, Bid becomes acti-
vated, and the truncated version, tBid, translo-
cates to the surface of mitochondria to induce
MOMP. In so-called type II cells, this mitochon-
drial feedback loop is needed to induce apopto-
sis through the extrinsic pathway, because of the
requirement of XIAP antagonism by SMAC.

The loss of OMM integrity caused by
MOMP is usually considered the point of no
return in the whole process, because cells are
committed to die once MOMP is initiated.
Therefore, this process represents a major check-

point of apoptosis and must be tightly con-
trolled to ensure that it is initiated at the right
time and place. The main molecular players of
MOMP belong to the Bcl-2 protein family.
Integration of proapoptotic and antiapoptotic
signals by the network of Bcl-2 proteins deter-
mines whether or not the OMM is permeabi-
lized. In the following sections, we describe in
detail the stimulatory and inhibitory protein—
protein interactions within this family, discuss-
ing various models of how the MOMP effectors,
Bax and Bak, become activated. Furthermore,
we focus on the actual event of membrane per-
meabilization, summarizing the current under-
standing of how pores are formed in the OMM
by Bax and Bak oligomers.

MITOCHONDRIA AS A PLATFORM FOR
INTEGRATION OF APOPTOTIC SIGNALS

Models for Interaction between Bcl-2 Proteins

The family of Bcl-2 proteins can be subdivided
both on the basis of the number of Bcl-2 homol-
ogy (BH) domains they possess and on their
proapoptotic or antiapoptotic function (Youle
and Strasser 2008; Chipuk et al. 2010). Both
the antiapoptotic Bcl-2-like proteins (Bcl-2,
Bcl-XL, MCL-1, Bcl-w, Al) and proapoptotic
members Bax and Bak share four short homol-
ogous regions of high conservation, termed
BHI to 4. Avariety of other Bcl-2 proteins like
Bid, Bim, Bad, Puma, Noxa, and others, belong
to a third subgroup called the BH3-only pro-
teins. As the name indicates, they contain the
conserved BH3 region only and are, apart from
that, very heterogeneous. BH3-only proteins,
generally speaking, serve as sensors of intrinsic
stimuli because in response to DNA damage or
ER stress, specific members become activated by
transcriptional induction (Puma and Noxa),
posttranslational modification (Bad), or limit-
ed proteolysis (Bid). BH3-only proteins are thus
proapoptotic and transmit the signal by trans-
locating to the OMM, where they either activate
Bax and Bak or inhibit the antiapoptotic fami-
ly members. The subsequent step is the homo-
oligomerization of activated Bax and Bak at the
OMM. Because this oligomerization is essential
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for membrane permeabilization, Bax and Bak
are often termed the “effectors” of MOMP. The
essential role of Bax and Bak at the downstream
end of the signaling cascade was shown in cells
lacking both proteins, because those cells are re-
sistant to MOMP following diverse apoptotic
stimuli (Wei et al. 2001).

Proapoptotic effectors Bax and Bak and
the antiapoptotic Bcl-2-like proteins share a
similar structure, being small globular proteins
that display a characteristic arrangement of sev-
en amphipathic a-helices surrounding the cen-
tral hydrophobic helix 5 (Muchmore et al. 1996;
Suzuki et al. 2000; Moldoveanu et al. 2006).
Interactions between individual proteins com-
monly involve the BH3 region located in helix
2. This region is also present in the BH3-only
proteins, which, except for Bid, are believed to
be intrinsically unstructured in solution and do
not share any common features with other Bcl-2
family proteins except for the BH3 region. In
nonapoptotic cells, Bax is primarily a cytosolic
protein, whereas Bak and most of its antiapo-
ptotic relatives are already attached to the OMM
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via a carboxy-terminal tail anchor (Lindsay
et al. 2011). The carboxy-terminal a-helix 9 of
Bax also serves as a tail anchor that is able to
direct the protein to the OMM. However, the
helix is sequestered in a hydrophobic groove on
the surface of the same molecule, composed of
the BH1 and 3 regions. The tail anchor is dis-
placed from the groove upon activation, leading
to a cytosol-to-mitochondria redistribution of
the protein (Hsu et al. 1997; Eskes et al. 2000).
Further structural rearrangements then cause
oligomerization of Bax or Bak so that MOMP
can proceed.

Several models have been discussed for the
activation of MOMP effectors that involve
protein—protein interaction between the sub-
groups of Bcl-2 proteins (Fig. 1). In the derepres-
sor model, Bax and Bak are considered active by
default but are kept in check by Bcl-XL or an-
other antiapoptotic protein (Chen et al. 2005;
Willis et al. 2005, 2007). Activation of the effec-
tors, according to this model, is achieved if a
BH3-only protein replaces Bax or Bak at the
binding site on Bcl-XL so that the active effector
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Figure 1. Models for activation of MOMP effectors. (A) Derepressor model. (B) Direct activator model. (C)
Current model, which is a refinement of the two former models. Antiapoptotic Bcl-2-like Bcl-XL proteins
inhibit both direct activator BH3-proteins (MODEI) and effectors Bax and Bak (MODE2). Inhibition through

Bcl-XL is relieved by sensitizer BH3-only proteins.
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becomes liberated. The direct activator model,
however, proposes that Bax and Bak must be
activated by direct contact with a BH3-only pro-
tein (Desagher et al. 1999; Kuwana et al. 2002;
Letai et al. 2002; Terradillos et al. 2002; Kim et
al. 2006). This model postulates two classes of
BH3-only proteins. “Direct activators” such as
tBid and Bim are able to activate MOMP effec-
tors unless they are sequestered by antiapo-
ptotic Bcl-2 proteins. To relieve this inhibition,
“sensitizer” BH3-only proteins such as Bad or
Noxa replace the direct activators by binding to
Bcl-XL, so that Bax or Bak activation can occur.
Indeed, by reconstituting membrane permeabi-
lization in liposomes, direct activation of Bax
by the BH3-only protein tBid could be shown
(Kuwana et al. 2002; Lucken-Ardjomande et al.
2008b). Besides tBid, Bim and Puma have also
been described as direct activators of Bax (Ku-
wana et al. 2005; Kim et al. 2006; Gallenne et al.
2009). Although the mode of action of Puma
is more controversial and some investigators
classify it as a sensitizer (Chipuk et al. 2008),
the fact that a Bid/Bim/Puma triple knockout
displays the same phenotype as a Bax/Bak dou-
ble knockout strongly supports the notion of
Puma being a direct activator (Ren et al. 2010).

Another model that has been proposed is
termed “embedded together” because it em-
phasizes the role of the lipid bilayer in the inter-
actions between proapoptotic and antiapo-
ptotic Bcl-2 proteins (Leber et al. 2007, 2010).
The model can be regarded as a refinement of
the conflicting two former models because it
integrates concepts from both (Fig. 1). In par-
ticular, antiapoptotic proteins are not seen as
either inhibitors of activator BH3-only proteins
(asin the “direct activator” model) or inhibitors
of Bax and Bak (as in the “derepressor” model),
but engage both. Like the “direct activator”
model, the “embedded together” model differ-
entiates between activator and sensitizer BH3
proteins. An elegant study using fluorescently
labeled proteins in a reconstituted system in li-
posomes was able to establish a clear order of
events during Bax activation (Lovell et al. 2008).
Using FRET measurements between a variety
of protein-attached fluorophores, different pro-
tein—protein interactions as well as membrane

integration of proteins could be followed simul-
taneously and in real time. In this experimental
setting, the first step is the targeting of tBid,
the caspase 8-cleaved active form of Bid, to the
membrane. Bax is subsequently recruited by
tBid and integrates into the membrane, which
can be inhibited by the addition of Bcl-XL. When
Bax becomes activated at the membrane, the
rate-limiting step is its oligomerization, which
involves the recruitment and activation of more
Bax molecules (Tan et al. 2006; Lovell et al.
2008). While Bax oligomerizes, liposome con-
tents are released because of membrane perme-
abilization at the same time. By examining sev-
eral Bax mutants, it could be confirmed that
activation of Bax proceeds in a stepwise manner,
and membrane targeting and oligomerization
are separate events (Lucken-Ardjomande et al.
2008a; Kim et al. 2009). Interestingly, Bad could
displace tBid from Bcl-XL, again confirming its
role as a sensitizer (Lovell et al. 2008). Thus,
both the initial recruitment of tBid and the ac-
tivation of Bax require the presence of a mem-
brane. We discuss the role of different mem-
brane lipids in Bax activation below, including
the controversial issue of whether or not cardi-
olipin is involved in this process.

The “embedded together” model not only
proposes an important role for the mitochon-
drial outer membrane in the activation of Bax
by direct activators Bid and Bim, but also for the
recruitment of antiapoptotic Bcl-2 proteins.
Just like Bax, its antiapoptotic opponent Bcl-2
undergoes extensive structural rearrangements
when it becomes active at the OMM. These
structural changes, which are required for inhib-
iting Bax oligomerization, appear to be initial-
ized upon binding to activator BH3 proteins
(Dlugosz et al. 2006). Furthermore, both Bax
and Bcl-XL were shown to be recruited to the
membrane by tBid in a comparable way in an-
other study (Billen et al. 2008). Based on these
observations, it was proposed that Bcl-XL acts
as a dominant-negative version of Bax, pro-
viding an explanation for why two structurally
similar proteins have opposing activities (Billen
et al. 2008). Whereas Bax becomes activated
by tBid, Bcl-XL remains associated with this ac-
tivator, thus inhibiting its function. Likewise,

4 Cite this article as Cold Spring Harb Perspect Biol 2013;5:a011106



fco;m Cold Spring Harbor Perspectives in Biology

PERSPECTIVES

Voocd”

www.cshperspectives.org

Bax could interact with Bcl-XL as it would
with another Bax molecule during oligomeri-
zation. However, in this case, Bax oligomeri-
zation would be prevented because no mem-
brane-perforating higher-order structure can
be formed by Bax/Bcl-XL heterodimers.
Further refinement to the “embedded to-
gether” model was made by a recent study that
used an elegant domain-shuffling approach be-
tween homologous proteins to dissect the anti-
apoptotic proteins’ binding to activator versus
effector proteins (Llambi et al. 2011). Because
tBid is inhibited by Bcl-XL, Bcl-2, and MCL-1
equally well, the investigators constructed chi-
meric proteins in which the BH3 domain of
tBid was replaced by the BH3 domain of Bax
or Bak. This yielded direct activator protein ver-
sions that could still activate both Bax and Bak,
but which were inhibited only by a subset of the
three antiapoptotic proteins. This allowed the
investigators to distinguish inhibition of direct
activators (termed MODEI) from inhibition
of effectors (termed MODE2), showing that
the latter mode of inhibition is more efficient.
A scenario was proposed in which direct activa-
tors are under MODEL inhibition at low stress
levels, whereas MODE2 inhibition prevents the
initiation of MOMP when the amount of di-
rect activator rises. Under MODE2 inhibition,
Bax was shown to be in an active conformation
and tightly bound to mitochondria. This must
be distinguished from the weaker association
with mitochondria of unactivated Bax, as de-
scribed in another recent study (Edlich et al.
2011). Cytosolic Bax is in a constant equilib-
rium with the loosely mitochondria-associated
form in the presence of Bcl-XL because Bcl-
XL promotes its retrotranslocation back to
the cytosol by a yet-undiscovered mechanism.
However, even if a mutation in Bcl-XL prevents
its interaction with Bax and Bax localizes
to the OMM because of blocked retrotranslo-
cation, MOMP is not readily caused (Edlich
et al. 2011), presumably because of “MODE1”
sequestration of direct activators (Llambi et al.
2011). Interestingly, in cancer cells, levels of
BH3-only proteins are high, but inhibition by
antiapoptotic Bcl-2 proteins still causes cell
survival (Certo et al. 2006). This condition has

Mitochondria and Apoptosis

been termed “primed to death,” because BH3-
only levels in these cancer cells are constantly
close to the threshold that would initiate apo-
ptosis. Therefore, BH3-only mimetics like the
drug ABT-737 provide an attractive tool to push
“primed” cells over the limit in favor of apopto-
sis (Certo et al. 2006). Indeed, a recent study
showed that the responsiveness of cancer cells
to chemotherapeutic treatment correlates with
“priming” by BH3-only levels (Ni Chonghaile
et al. 2011).

Structural Reorganization of Bax/Bak
during Activation

The discussed models of MOMP initiation agree
that BH3-only proteins provide the death signal
for tipping the balance between proapoptotic
and antiapoptotic Bcl-2 family members. Re-
constitution of the whole process in liposomes,
using fluorescently labeled recombinant pro-
teins, has established the order of events lead-
ing to the activation of effectors and, ultimate-
ly, membrane permeabilization, as described
above. But what is the structural basis for the
interactions taking place in vivo on the mito-
chondrial surface? Which structural rearrange-
ments lead to the transition of inactive cytosolic
Bax to the active killer in the OMM, and what
triggers them?

As observed for complexes of antiapoptotic
Bcl-2 proteins with BH3 peptides derived from
either activators or effectors, interactions in-
volve the binding of a BH3 domain in the hy-
drophobic groove built from BH1 and BH3
(Sattler et al. 1997; Petros et al. 2000). The se-
questration of a BH3 domain of a proapoptotic
protein in the hydrophobic groove of an anti-
apoptotic inhibitor thus seems to be a common
feature. However, it might also be assumed that
all interactions between Bcl-2 proteins involve
the BH3/groove contact, because the proapo-
ptotic multidomain proteins also contain the
groove structure on their surface. Interestingly,
the hydrophobic groove of Bax in its cytosolic
state is occupied by its own transmembrane
helix, thereby preventing translocation to mito-
chondria. Therefore, in the case of Bax, the BH3
domain of an activator BH3-only protein would
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have to replace the transmembrane helix in the
groove. However, it was shown that the stepwise
activation of Bax by tBid leads to structural re-
arrangements at the amino terminus first (Kim
et al. 2009). In the same study, it was proposed,
based on the analysis of Bax mutants, that the
displacement of helix 1 is required to release the
tail-anchor helix 9. Hence, it is very likely that
the first contact between an activating BH3 do-
main and Bax occurs at its amino-terminal re-
gion (Kim et al. 2009). This view is supported by
the discovery of a binding region at helices 1 and
6, using an a-helical Bim-BH3-derived peptide
stabilized by hydrocarbon stapling (Walensky
et al. 2006; Gavathiotis et al. 2008). This novel
interaction site is often termed the “rear pock-
et,” because it is located on the opposite surface
of Bax compared with the canonical BH1/BH3
groove. Binding of the stapled Bim BH3 helix
leads to the displacement of the loop between
helices 1 and 2 (Gavathiotis et al. 2008). This
rearrangement at the amino terminus of Bax has
been recognized for a long time as a structural
feature accompanying Bax activation (Hsu and
Youle 1997). Subsequently, the amino-terminal
rearrangements allow the tail-anchor helix 9
to pop out of the groove and to integrate into
the OMM (Fig. 2) (Gavathiotis et al. 2008; Kim
et al. 2009).

& o

The BH3 domain of Bax is exposed as a
consequence of the amino- and carboxy-termi-
nal rearrangements triggered by BH3 binding to
the rear pocket (Gavathiotis et al. 2010). On the
basis of similarity in primary structures of the
Bim and Bax BH3 domains, it was proposed
that the exposure of the Bax BH3 domain could
provide yet another device that is able to recruit
and activate further Bax molecules. In that case,
the exposed Bax BH3 domain would act just like
the BH3 domain of a direct activator BH3-only
protein. This would be consistent with the ob-
servation that a small number of BH3-only pro-
teins can recruit a molar excess of Bax to the
membrane through a Bax-autoactivating mech-
anism (Tan et al. 2006). Indeed, experimental
evidence obtained with a stapled Bax BH3 pep-
tide similar to the Bim peptide described above
suggests self-propagating autoactivation of Bax
(Gavathiotis et al. 2010). These results provide a
very attractive model of Bax oligomerization.
After initial activation of Bax through interac-
tion with a BH3 domain at the rear pocket, not
only is the membrane-anchor helix 9 released,
but also the BH3 domain becomes exposed. By
engaging another Bax molecule at its rear pock-
et, the activation could be propagated from
molecule to molecule, leading to a higher-order
structure of Bax molecules in a homo-oligomer

* Cytochrome ¢

Figure 2. The order of events leading to MOMP. At first, an activator BH3 protein like tBid is targeted to the
membrane (Step 1), which binds and recruits Bax to the membrane (Step 2). Upon activation, Bax exposes its
carboxy-terminal membrane-anchor helix and becomes membrane integrated (Step 3). Activated Bax homo-
oligomerizes (Step 4), which causes the formation of pores so that proapoptotic contents of the mitochondrial
intermembrane space like cytochrome ¢ can be released (Step 5).
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atthe OMM (Fig. 3A). Interestingly, if the release
ofhelix 9 is blocked by mutation, the subsequent
BH3 exposure does not lead to oligomerization
(Gavathiotis et al. 2010), emphasizing that Bax
must be targeted to the membrane in order to
oligomerize.

In contrast to this asymmetric Bax oligo-
meric assembly, the formation of symmetric di-
mers has been suggested for Bak (Fig. 3B) (Dew-
son et al. 2008). The search for mutations in Bak
that inhibit oligomer formation revealed that
the BH1 and BH3 regions are prominently in-
volved in this process. Moreover, cysteine resi-
dues were engineered in Bak, which were de-

Mitochondria and Apoptosis

signed to match in a proposed reciprocal in-
teraction of the BH3 domain of one monomer
with the groove region of another. Because di-
sulfide cross-linking stabilized Bak dimers,
this is a strong indication of symmetric dimer
formation. Finally, reciprocal mutations that
allow noncovalent interactions between Bak
monomers by the symmetric BH3/groove con-
tact could complement theloss-of-function mu-
tations in oligomerization, pointing to a func-
tional significance of this interaction (Dewson
et al. 2008). This evidence is supported by an-
other study aimed at determining the minimal
requirements for Bax oligomerization, which

Figure 3. Bax activation and oligomerization. (A) Asymmetric autoactivation of Bax. Membrane-embedded
tBid interacts through its BH3 domain with Bax at its rear pocket (Step 1). This results not only in the exposure
of the Bax carboxy-terminal helix, but also in the exposure of the BH3 domain of Bax (Step 2). According to the
asymmetric autoactivation model, the exposed BH3 domain of Bax can recruit further Bax molecules to the
OMM (Step 3) and activate them (Step 4). (B) Symmetric dimer formation causes Bax oligomerization.
Activated Bax, which exposes its BH3 domain, forms symmetric dimers by a reciprocal interaction of one
molecule’s BH3 domain with the hydrophobic groove of another, and vice versa (Step 1). Bax dimers can
then form higher-order oligomers through another symmetric interaction involving the a-helices 6 at the
surface opposite from the BH3—groove interaction (Step 2).
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found helices 2, 4, and 5 to be sufficient for this
process (George et al. 2007). This region over-
laps with the BH1 and BH3 domains found
to be essential in symmetric dimer formation.
Furthermore, several biochemical studies con-
firmed symmetric dimers involving the BH3/
groove interaction for both Bax and Bak
(Bleicken et al. 2010; Oh et al. 2010; Zhang
etal. 2010). This potential interaction, however,
would be reciprocal, resulting in both the BH3
domains and hydrophobic grooves of Bax be-
ing occupied. Therefore, to form higher-order
oligomers, as observed during MOMP, dimers
would need to be connected by yet another in-
termolecular contact. This additional contact is
provided by another symmetric contact, be-
cause helix 6 of one Bax molecule was shown
to interact with helix 6 of another (Dewson et al.
2009). Therefore, dimers formed by the BH3/
groove contact could oligomerize by helix 6/
helix 6 interactions (Fig. 3B). A previously re-
ported oligomerization mechanism via the
coordination of zinc ions (Moldoveanu et al.
2006), on the other hand, could be ruled out
(Dewson et al. 2009).

Thus, two conflicting views exist regarding
Bax or Bak oligomer formation, based on the
interaction of monomers in an either sym-
metric or asymmetric fashion. However, it is
likely that neither model describes the mode
of oligomerization exclusively. The symmetric
model raises the question whether the BH3 ex-
posure of one monomer, provoked by a direct
activator, is sufficient to also activate the other
monomer, or if this second monomer also has
to be activated by a BH3-only direct activator
binding to its rear pocket. The observation that
BH3 ligands leave the rear pocket in a hit-and-
run fashion and then seem to engage the effec-
tor at another site, possibly the BH1/BH3 re-
gion (Kim et al. 2009), suggests that the initial
interactions are highly dynamic. Thus, it is pos-
sible to envision a scenario in which the ex-
posed BH3 domain of activated Bax can either
activate other Bax molecules via the asymmet-
ric rear-pocket activation site or interact with
an already activated Bax molecule via the sym-
metric BH3/groove interface to initialize oli-
gomerization.

Pore Formation by Bax/Bak Oligomers

The activation and oligomerization of pro-
apoptotic Bcl-2 family effector proteins Bax and
Bak are the prerequisites for MOMP. Although
over the last few years models and concepts have
emerged regarding the interactions between dif-
ferent Bcl-2 family members, as well as the
structural rearrangements of Bax and Bak caus-
ing their oligomerization, the molecular con-
nection between Bax or Bak oligomers and the
actual event of membrane permeabilization is
less evident (Fig. 1). Experiments with fluores-
cent dextrans of different sizes encapsulated by
liposomes have shown that pores formed by ac-
tivated Bax allow the release of molecules with
a broad range of molecular mass from 10 kDa
to 2 MDa (Kuwana et al. 2002). Although an-
other study suggests that the maximum size of
intermembrane space contents released in vivo
is lower (Rehm et al. 2003), it is generally agreed
that Bax pores accommodate the release of all
proapoptotic intermembrane space (IMS) mol-
ecules like cytochrome ¢ or SMAC/Diablo.

So what is the mode of pore formation by
oligomerized Bax? Bax alone is able to form
pores in artificial planar lipid membranes (An-
tonsson et al. 1997; Schlesinger et al. 1997), al-
though the experimental setup used in these
experiments is differing substantially from the
in vivo situation. The structural similarities of
multidomain Bcl-2 proteins like Bax or Bcl-XL
to bacterial pore-forming toxins like colicins,
in particular, the arrangement of amphipathic
helices surrounding a central hydrophobic he-
lix, suggest that Bax itself is able to porate mem-
branes (Muchmore et al. 1996). Indeed, follow-
ing activation, helices 5 and 6 of Bax were shown
to insert into the membrane (Annis et al. 2005),
emphasizing that these central helices might
play an important role in membrane permea-
bilization. Moreover, replacement of helix 5 of
Bcl-XL by the respective Bax helix enabled pore
formation by the chimeric protein, thereby
turning Bcl-XL into a killer molecule (George
et al. 2007). This supports the notion that Bax
oligomers are forming a proteinaceous channel
in the OMM. Patch-clamp measurements of
pores formed by Bak have led to the description
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of a channel structure termed the mitochondri-
al apoptosis-induced channel (MAC) by Marti-
nez-Caballero et al. (2009). This channel shows
an increase in conductance over time, being
consistent with the stepwise incorporation of
activated Bax homodimers into an oligomeric
Bax pore. Alternatively, Bax oligomers could
provoke the opening of a preexisting mitochon-
drial pore structure like the permeability-tran-
sition pore. However, this was effectively ruled
out by experiments in cells lacking the cen-
tral components of this pore structure (Baines
et al. 2005; Nakagawa et al. 2005). Likewise, an
involvement of the voltage-dependent anion
channel (VDAC) was ruled out (Baines et al.
2007), although Bak was shown to interact
with VDAC at the OMM, VDAC having an in-
hibitory function on Bak (Cheng et al. 2003).

Apart from observations in favor of a pro-
teinaceous channel formed directly by a com-
plex of activated Bax or Bak subunits, evidence
also exists that a lipidic pore is formed. In a
scenario like this, Bax or Bak could act like an-
other bacterial toxin called melittin, which in-
duces the formation of inverted micelle struc-
tures in membranes, resulting in lipidic pores.
This view is supported by observations that pore
formation is facilitated by the incorporation of
lipids into the membrane that induce positive
membrane curvature (Basanez et al. 2002). Re-
markably, the pores formed by isolated Bax he-
lix 5 were shown to be lipidic in nature (Garcia-
Saez et al. 2007; Qian et al. 2008), although, of
course, a single helix might have different ef-
fects from full-length Bax. The analysis of pores
formed by activated Bax in liposomes by cryo-
electron microscopy, on the other hand, revealed
that the pore edges are devoid of proteinaceous
particles, thus strongly supporting the lipidic
pore model (Schafer et al. 2009). Furthermore,
a recent structural study using small-angle neu-
tron scattering revealed that activated Bax in
liposomes adopts a shape reminiscent of bacte-
rial toxins known to form lipidic pores (Sat-
soura et al. 2012).

Yet another intriguing possibility for the
mode of action of Bax oligomers was recently
proposed by Montessuit et al. (2010). The re-
searchers observed that the mitochondrial fis-

Mitochondria and Apoptosis

sion factor Drp-1 facilitates pore formation by
Bax in liposomes. Interestingly, a direct inter-
action of Bax and Drp-1 was not responsible
for this effect, but the shape of the membrane
played a key role. In particular, the existence of
hemifusion intermediates promotes Bax oligo-
merization in this study (Montessuit et al. 2010).
This type of intermediate is formed transiently
during both the mitochondrial fusion or fission
process and is characterized by an interconnec-
ted stalk between the outer leaflets of the two
lipid bilayers, whereas the inner leaflets remain
intact (Chernomordik and Kozlov 2008). Com-
plete separation of the membranes or the forma-
tion of a fusion pore then completes membrane
fission or fusion, respectively. Although Drpl
has so far only been described as a fission factor,
it seems that it can also support vesicle fusion to
the intermediate stage under the experimental
conditions used (Montessuit et al. 2010). Inter-
estingly, intermediate structures common to
membrane fusion or fission have been described
to be transiently leaky. Moreover, any perturba-
tions in the fusion process in general can lead to
permanent membrane leakage and thus the loss
of membrane integrity (Engel and Walter 2008).
It is thus conceivable that transient leakage also
occurs during mitochondrial fission. Because
mitochondria commonly fragment during apo-
ptosis, Bax oligomers might take advantage of
membrane vulnerability, insert into fragile sec-
tions at or near hemifission intermediates, and
cause further perturbation during the fission
process, leading to a loss of mitochondrial in-
tegrity (Martinou and Youle 2011). Consistent
with this model, Bax has formerly been shown
to insert at constriction sites, where it colocal-
izes with components of both the fusion and
fission machineries (Karbowski et al. 2002).
The important role of membrane proper-
ties, especially membrane shape, not only in
the recruitment of Bcl-2 proteins to the OMM
but also in pore formation itself, raises the ques-
tion as to whether specific membrane lipids in-
fluence the course or the outcome of MOMP.
The role of cardiolipin, a lipid restricted to mi-
tochondrial membranes, has been controver-
sially discussed in the literature. Several studies
show that cardiolipin is required for tBid /Bax-
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induced permeabilization of liposomes (Ku-
wana et al. 2002; Terrones et al. 2004; Lucken-
Ardjomande et al. 2008b). The targeting of tBid,
in particular, seems to require an interaction
with this membrane lipid (Lutter et al. 2000).
It remains questionable, however, if cardiolipin
is required for MOMP in vivo, because it is
primarily found in the inner mitochondrial
membrane and its concentration in the outer
membrane is low. One possible explanation for
this obvious discrepancy is that cardiolipin is
enriched in contact sites between the outer and
inner membrane (Lutter et al. 2001), in such
a way that local concentrations could be high
enough to promote Bax activation. Other inves-
tigators have suggested that in vivo outer mem-
brane proteins can take over the role that car-
diolipin has in liposomes (Schafer et al. 2009).
Candidate proteins include components of the
TOM receptor complex, components of the
fusion or fission machineries, or the mitochon-
drial carrier homolog MCTH2/MIMP (Ott et
al. 2009; Zaltsman et al. 2010).

An additional study introduced yet another
possibility for the requirement of membrane
lipids in MOMP. Chipuk et al. (2012) discov-
ered that contaminants originating from the
endoplasmic reticulum, which are usually pres-
ent in the mitochondrial preparations used for
in vitro experiments, contain an MOMP-pro-
moting factor. By stepwise purification of this
factor from the contaminating microsomal frac-
tion, a neutral sphingomyelinase was identified
that promoted membrane permeabilization by
tBid and Bak or Bax. Further investigation of
the sphingolipid metabolism then revealed that
Bak and Bax interact in the membrane with
the sphingolipid metabolites sphigosin-1-phos-
phate and hexadecenal, respectively (Chipuk
etal. 2012). Interestingly, this interaction result-
ed in the exposure of the 6A7 epitope in Bax,
indicating activating structural rearrangements
(see above). One might thus speculate that in-
teraction of MOMP effectors with specific lip-
id components cooperates with direct activator
BH3-only proteins by lowering the activation
energy for the required structural remodeling.
Furthermore, the researchers showed that car-
diolipin is not needed for Bax activation in lipo-

somes if the respective sphingolipid metabolite,
hexadecenal, is present (Chipuk et al. 2012).
All of these observations give rise to a poten-
tially important role of the contact between
mitochondria and the endoplasmic reticulum
during apoptosis.

CONCLUDING REMARKS

Besides hosting numerous essential metabo-
lic pathways, mitochondria are also prominent-
ly involved in cell death. In vertebrate cells,
death signals arising from internal stress-sens-
ing pathways converge on the outer mitochon-
drial membrane, where the effector Bcl-2 pro-
teins Bax and Bak become activated, integrate
into the membrane, homo-oligomerize, and
thereby cause the loss of membrane integrity.
The participation in the execution of apoptosis
is just one example of how mitochondria are
part of an interconnected cellular network that
not only maintains life but also determines a
cell’s fate in a variety of situations. In this respect,
it is not surprising that, besides dysregulation
of cellular proliferation, the inhibition of cell
death through apoptosis is also a common fea-
ture in the development of cancer (for review,
see Llambi and Green 2011). Still, because reg-
ulation involves the interplay of proapoptotic
and antiapoptotic Bcl-2 family proteins, apo-
ptosis is not completelyabolished in cancer cells.
On the contrary, cancer cells have been de-
scribed as “primed” for death, because a high
level of BH3-only proteins is counteracted by
up-regulated antiapoptotic Bcl-2-like proteins.
BH3-only mimetics like ABT-737 represent
tools for tipping the balance in favor of death,
thereby providing a promising possibility for
therapeutic intervention (Vogler et al. 2009).
However, although our knowledge of the
early steps of MOMP (i.e., Bax targeting, acti-
vation, and oligomerization) has expanded sub-
stantially over the past few years, the actual event
of membrane permeabilization by Bax or Bak
oligomers remains, in part, mysterious. It has
become evident that the outer membrane of
mitochondria itself is not only providing the
grounds for MOMBP, but actively participates in
this process. Membrane lipids and also resident

10 Cite this article as Cold Spring Harb Perspect Biol 2013;5:a011106



fco;m Cold Spring Harbor Perspectives in Biology

PERSPECTIVES

www.cshperspectives.org

mitochondrial proteins seem to be involved
in all of the steps leading to MOMP, from the
recruitment of tBid or other direct activators
to the pore formation itself. Like cytochrome
¢, which normally serves as an electron carrier
between respiratory complexes, other mito-
chondrial proteins are likely to have dual func-
tions both in mitochondrial biology and apo-
ptosis. On the other hand, there is growing
evidence that Bcl-2 proteins also participate in
other cellular processes besides apoptosis, like
the regulation of mitochondrial fusion and fis-
sion (Martinou and Youle 2011). Therefore, it
is most likely that we are awaiting many more
exciting discoveries regarding the role of mito-
chondria in cell death in the near future.
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