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Abstract

Apoptosis is a biological process that removes damaged, excess, or infected cells through a
genetically controlled mechanism. This process plays a crucial role in organismal development,
immunity, and tissue homeostasis; and alterations in apoptosis contribute to human diseases
including cancer and auto-immunity. In the past two decades, significant efforts have focused on
understanding the function of the BCL-2 proteins, a complex family of pro-survival and pro-
apoptotic alpha helical proteins that directly control the mitochondrial pathway of apoptosis.
Diverse structural investigations of the BCL-2 family members have broadened our mechanistic
understanding of their individual functions. However, an often over-looked aspect of the
mitochondrial pathway of apoptosis is how the BCL-2 family specifically interacts with and
targets the outer mitochondrial membrane (OMM) to initiate apoptosis. Structural information on
the relationship between the BCL-2 family and the OMM is missing; likewise, biophysical
mechanisms pertaining to how the OMM affects and effects apoptosis are lacking. In this mini-
review, we will provide a current overview of the BCL-2 family members and discuss the latest
structural insights of BAK/BAX activation and oligomerization in the context of the OMM and
mitochondrial biology.
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INTRODUCTION

Since the term “apoptosis” was introduced in 1972, significant efforts have focused on
understanding its role in health and disease. Apoptosis, the most studied form of
programmed cell death, is a biological process that triggers cells to commit suicide by
activating a series of proteases referred to as caspases [1]. Once caspases are activated,
proteolysis of key cellular components (e.g., cytoskeletal and nuclear proteins, DNA repair
enzymes) pave the way for rapid detection by phagocytes, and this results in the clearance of
dying cells with minimal damage to the surrounding tissue [2].

Two distinct molecular signaling mechanisms initiate apoptosis: (1) the “death receptor” or
“extrinsic” pathway, and (2) the “mitochondrial pathway” or “intrinsic” pathway. The death
receptor pathway is activated by a range of exogenous death-inducing ligands (e.g., tumor
necrosis factor, TNF), which bind the death receptors (e.g., TNF receptor 1) and trigger
caspase activation [2-3]. In contrast, the mitochondrial pathway of apoptosis is induced by
various stress stimuli (e.g., DNA damage, growth-factor deprivation) and is often the target
of chemotherapeutic interventions. This pathway is triggered by mitochondrial outer
membrane permeabilization (MOMP), which releases pro-apoptotic factors (e.g.,
cytochrome c¢) from the mitochondrial intermembrane space (IMS) into the cytosol. The
adaptor protein APAF-1 (apoptotic protease activating factor-1) binds cytosolic cytochrome
¢, undergoes oligomerization, and recruits pro-caspase 9 in a 2:1 (APAF-1:pro-caspase 9)
complex forming the apoptosome. The apoptosome is the platform for caspase 9 activation,
which in turn cleaves and activates the executioner caspases-3, -6, and -7, committing the
cell to apoptosis [4-7].

MOMP initiates the mitochondrial pathway of apoptosis, and this event is mediated and
regulated by the B cell lymphoma-2 (BCL-2) family of proteins at the outer mitochondrial
membrane (OMM). Numerous structural investigations of BCL-2 family members have
provided detailed molecular mechanisms of MOMP by defining how individual BCL-2
family members interact with one another (Table 1). However, many fundamental questions
still remain unanswered, which restricts our understanding of how the BCL-2 proteins
regulate MOMP and may be utilized as therapeutic targets. This mini-review focuses on the
structural biology of pro-apoptotic BCL-2 proteins emphasizing recent structural data
relating to BAK (BCL-2 antagonist killer 1) and BAX (BCL-2-associated x protein)
activation, and their transitions from inactive monomers into high molecular weight homo-
oligomers that mediate MOMP. In particular, what are the intra- and inter-molecular
conformational changes associated with BAK/BAX activation leading to the initiation of
MOMP; and what impact does mitochondrial network shape and composition contribute to
pro-apoptotic BAK/BAX function.
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Architectural Design of the BCL-2 Family

Eighteen members of the BCL-2 family have been identified and, based both on their
structural and sequence homology, share conserved sequence regions known as the BCL-2
homology domains (BH1-BH4) (Fig1lA). The BCL-2 family can further be divided into the
pro-survival and pro-apoptotic subfamilies based on the composition of BH domains as well
as the ability to activate or inhibit apoptosis. The pro-apoptotic subfamily has two sub-
classes known as the "BH3-only proteins” and the “effector” proteins [8-10].

The Pro-Survival Subfamily—The pro-survival family contains six members: Al/
BFL-1 (BCL-2-related gene Al), BCL-2, BCL-B, BCL-W (BCL-2-like 2 protein), BCL-XL
(BCL-2-related protein long isoform), and MCL-1 (myeloid cell leukemia 1) all share four
BH domains (BH1-BH4) with a transmembrane domain at the C-terminus (Fig1A) [8-9].
Human BCL-XL was the first published structure of the BCL-2 family (FiglA) [11]. Since
then, the three-dimensional structure of most members of the pro-apoptotic family has been
determined (Tablel). The overall structure of the pro-survival subfamily adopts a similar
globular structure referred to as the “BCL-2 core” (FiglA). The BCL-2 core is a conserved
fold that is constructed by an eight a-helical bundle surrounding a central hydrophobic core
helix [11]. The fold also generates a hydrophobic surface groove formed by a-helices 2, 3, 4,
and 5 (BH1-BH3 domains) referred to as the BCL-2 family BH3 and C-terminus-binding
groove (BC-groove). This canonical BC-groove serves as an important platform for
interactions with the BH3 domain of different members of the BCL-2 family and enables
homo- and heterodimerization within the family (e.g., BCL-2:BCL-2 homodimer and
BID:BCL-2 heterodimer) [12-15]. Many three-dimensional structures of pro-survival
members in complex with different BH3 domain peptides have revealed a conserved
interaction mode between the BH3 domain and the canonical BC-groove (Tablel). Structural
insights demonstrate that the interaction is established through the insertion of four to six
hydrophobic residues (h0-h5) on the amphipathic a-helix of the BH3 domain into
corresponding binding pockets along the surface of the BC-groove. Furthermore, the
interaction is enhanced through the formation of a salt bridge between the Asp residue on
the BH3 domain and the conserved Arg residue on the BH1 domain present on all pro-
survival protein members (Fig1lD). However, certain subtle variations in the BH3 domain
and the BC-groove determine the binding selectivity and affinity amongst the BCL-2 family
members [16-19].

The Pro-Apoptotic Subfamily: BH3-only and Effector Proteins—The BH3-only
subfamily members are expressed and/or activated in distinct cellular stress scenarios and
are subdivided based on their ability to either exclusively interact with the pro-survival
BCL-2 repertoire or both the pro-survival and pro-apoptotic effector subfamilies. BH3-only
proteins that only bind to members of the pro-survival subfamily are classified as
“sensitizer/de-repressor” BH3-only proteins. Members of this class of BH3-only proteins
are: BAD (BCL-2 antagonist of cell death), BIK (BCL-2 interacting killer), BMF (BCL-2
modifying factor), HRK (Harakiri), and the latest member Soul [20].

The remaining BH3-only protein family members, BID (BCL-2-interacting domain death
agonist), BIM (BCL-2-interacting mediator of cell death), Noxa, and PUMA (p53-
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upregulated modulator of apoptosis), are classified as “direct activators” [21,22]. The direct
activators are able to interact and inhibit the pro-survival proteins, and directly activate BAK
and BAX, allowing them to oligomerize, insert into the OMM and leading to MOMP. We
will discuss the direct activation process in greater detail below.

The tri-partite balance of interactions between the pro-survival proteins, the proapoptotic
proteins, and the BH3-only proteins is what ultimately regulates the decision to undergo
MOMP and apoptosis. An example is the sequestration of stress-induced BIM by BCL-2 on
the OMM. Following a subsequent cellular stress, PUMA is induced and competes with
BIM for BCL-2 binding. When BIM is released, it interacts with BAX leading to BAX
activation, BAX oligomerization, and MOMP [9,23].

The BH3-only protein subfamily members are primarily intrinsically disordered proteins and
contain both a BH3 and C-terminal transmembrane domain. The BH3 domain becomes
ordered upon binding to a globular BCL-2 family member and folds into the amphipathic a-
helix. BID however, is structurally an exception: the overall tertiary fold is similar to the
BCL-2 core with key residues of its BH3 domain buried, rendering it in a constitutively
inactive state (FiglB). Activation of BID is achieved by cleavage of the a1-a2 loop by
multiple proteases including caspase-8 and granzymeB resulting in two fragments of BID:
the N- and C-terminal fragments. The C-terminal fragment, often referred to as truncated
BID (tBID), retains tight association with the N-terminal peptide. Upon contact with OMM,
lipid vesicles, or detergents, tBID dissociates and interacts with the membrane and pro-
survival BCL-2 member. Recent structural insights show that human tBID, in presence of
membrane mimic micelles, takes a C-shape conformation with extensive interactions with
micelles (Fig1E). Furthermore, the BH3-containing helix a3, which previously was believed
to be exposed outside the membrane, may also be membrane associated [24-28].

The effector proteins in the pro-apoptotic subfamily consist of BAK, BAX and BOK
(BCL-2-related ovarian killer). BAK and BAX are the BCL-2 family proteins that are
responsible for the pro-apoptotic function at the OMM. After activation is triggered through
the interaction with the BH3-domain of the direct activators BIM or BID, oligomerization of
BAX and BAK occurs at the OMM leading to MOMP. The NMR and X-ray structures of
non-activated BAK and BAX, respectively provided interesting structural insights [29,30]
(Fig2). First, both protein structures show the conserved BCL-2 core with the hydrophobic
BC-groove composed of helices a2-a5 and a8. Furthermore, another functionally important
hydrophobic region is also buried: helix a1, where the BH4 domain resides. It contains
certain hydrophobic and aromatic residues that make several contacts with helices a2, a5,
and a6, thereby stabilizing the overall tertiary structure of the inactive form.

In addition, BAK and BAX have a C-terminal transmembrane domain, termed a-helix 9,
which is responsible for OMM insertion. BAK is found constitutively inserted within the
OMM, whereas BAX is principally cytosolic and stably associates with the OMM only after
activation by direct activator proteins [31]. Structural studies revealed that this difference in
localization is governed by the structural position of a-helix 9. In BAX, a-helix 9 sits in the
BC-groove in a “¢/s’ conformation, preventing it from inserting into the OMM (Fig2A) [30].
Disrupting this interaction between the a-helix 9 and the BC-groove, induces a
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conformational change in BAX leading to the release of a-helix 9 and its insertion into the
OMM [32]. On the other hand, BAK a9 is exposed because its BC-groove is narrow and
occluded by side chains that potentially restrict the docking of a-helix 9. Therefore, BAK
skips the initial activation step and targets constitutively to the OMM [33,34].

BOK exhibits ~70-80% sequence homology to BAK and BAX and shares the conserved
BH1-3 domains and a C-terminal transmembrane domain. Similar to BAK and BAX, BOK
is widely expressed and induces cell death with the classical apoptotic features (e.g., release
of cytochrome ¢, and activation of caspases). Despite these similarities the physiological role
of BOK remained obscure, recent findings support a selective and distinguishing role for
BOK in regulating the apoptotic response to endoplasmic reticulum (ER) or proteosomal
stress [35].

Activation and Oligomerization Of the Effector Proteins

Understanding the biochemical and biophysical mechanisms by which BAK and BAX
permeabilize the OMM to promote MOMP is considered the “holy grail” of apoptosis
research [36]. Several structural studies have provided a glimpse into the model for BAK
and BAX activation and oligomerization. In brief, BAK/BAX activation is a highly regulated
multi-step process involving: 1) structural rearrangement exposing N- and C-termini, 2)
insertion into the OMM, 3) dimerization, and 4) higher order oligomerization resulting to
MOMP [37,38]. Of course, some of these steps are skipped for BAK, which constitutively
resides within the OMM.

Interaction-Triggered Rearrangement—Two distinct activation sites on BAX are
proposed to allow direct activator BH3-only proteins to interact and activate BAX (Fig2B,
Fig3) [39,40]. Structural and biochemical studies in which (hydrocarbon stapled) BH3
peptides are utilized, demonstrated that the BIM BH3 domain can bind to an activator site
proximal to the N-terminus of BAX. This first binding site, called the “trigger site’, is
located opposite to the hydrophobic BC-groove and is defined by the two helices al and a6
forming a hydrophobic cleft [41,42]. Upon binding with the stapled BIM BH3 peptide, the
unstructured loop between a-helices 1 and 2 is switched from a closed to an open position.
The release of the C-terminal BAX a9 helix from the BC-groove follows and promotes
OMM insertion. The exposure of the BH3 domain (a2) propagates the death signal through
an auto-activating interaction with the trigger site of inactive BAX monomers while also
allowing the BC-groove to interact with activator BH3 domains, which in turn induces
further conformational changes [39]. While these mechanisms are convincing, whether the
results obtained with minimal BH3 domain peptides reflect physiological control of BAX-
dependent MOMP requires further investigation.

In addition, recent structural insights into the activation mechanism of BAK and BAX have
revealed a second and common activation site (Fig2B, Fig3). In these studies a C-terminal
deleted form of both proteins was utilized which mimics the full-length proteins with the tail
inserted into the OMM. Crystal structures of both the truncated BAK and BAX in complex
with the BH3 domain peptide of ‘direct activator’ BID and in presence of the detergent
CHAPS revealed the second activation site at the canonical BC-groove of BAK and BAX.
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The NMR solution structure of BAK in complex with stapled BID BH3 was also
determined, revealing the direct activation interface at the level of BAK monomer [40].
Furthermore, upon direct activation in the context of membranes or detergents, the N-
terminal helix a1 and the BH3 domain of BAK and BAX are exposed permanently and
transiently, respectively [40,43,44].

Translocation, Dimerization, and Oligomerization—As discussed above, BAK is
constitutively located and inserted into the OMM via its transmembrane domain (a9). BAX
however, is primarily cytosolic and recent data indicate that BAX retro-translocates back and
forth from the cytoplasm to the OMM, possibly due to interactions with pro-survival protein
members such as BCL-XL [45,46]. However, upon exposure of cells to apoptotic stimuli,
BAX becomes activated, retro-translocation is halted, and translocates to the OMM.

Besides the interaction-triggered structural rearrangement of BAX upon activation, recent
crystal structures of BAX bound to the BID BH3 domain have identified another structural
revelation. It appears that a destabilizing cavity within BAX, close to its BH3 domain, is
formed following interaction with the BID BH3 domain. This then might promote the
extrusion of BAX BH3 domain (a2 helix). The crystal structure also shows that BAX is
rearranged into a ‘core’ domain consisting of a2-a5 and a ‘latch” domain comprised of
helices a6-a8 [38,44]. Even though this particular BAX *core/latch’ dimer is believed to be
off-pathway and does not play a role in oligomerization and is yet to be characterized
physiologically, the disengagement of the core from the latch domain appears to be critical
for BAX function (Fig2C, Fig3).

The crystal structure of the isolated core domain (a2-a5) revealed another homodimer in
which the BH3 domain (a2) of each monomer engages the BC-groove (a3-a5) of the other
(Fig2D, Fig3) [40]. This symmetric BAX homodimer seems to lie at the heart of the
BH3:groove symmetric dimer [47,48]. BH3 peptide binding to BAK also produces N-
terminal exposure and oligomerization and recent structural evidence confirms an analogous
mechanism for activation and dimerization of BAK in response to certain BH3 peptides
[44,49].

The BH3-in-groove symmetric dimer structure of BAX and BAK together with crosslinking
and biophysical studies argues against the initial proposed head-to-tail model for
oligomerization. An alternative model suggests a second interface which links the symmetric
dimers to build the structure of the oligomers. In crosslinking studies an interface between
a6 helices have been identified to be involved in the homo-oligomerization of dimers [48].
Until recently, the exact identity of the second interface and the precise structure of larger
oligomers remained unknown. Recent reports using cysteine-scanning mutagenesis and
hydrophilic labeling showed that the BAK a9 helix traverses the OMM and links itself to
neighboring a9 segments, identifying an a9:a9 interface in BAK (and BAX) oligomers.
This a9:a9 interaction might be the secondary interface that links the symmetric BH3-in-
groove dimers together to form the oligomers [50].

Recent data question a longstanding model in which the a5/a6 helices are inserted as a
hairpin into the OMM as a means of membrane association. In the new proposed in-plane
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model, it appears that two helices, a4 and a5, of both BAK and BAX collapse onto the
membrane exposing multiple aromatic residues. Insertion of these residues between lipid
head groups in the OMM might lead to increase in membrane tension and curvature which
may promote stable bilayer breaks inducing formation of proteolipidic pores [44,51].

More recently, a 3D model of active full length BAX dimer embedded in the membrane has
been proposed [52,53]. Based on double electron-electron resonance (DEER) spectroscopy
using spin-labeled BAX variants inserted into large unilamellar vesicles (LUVS), the model
describes the relative structural arrangement of the full length oligomeric BAX at the
membrane. The BAX dimer adopts a clamp-like conformation at the membrane with the
opening of the hairpin of helices a5 and a6 as suggested being the central core in the
mechanism of membrane permeabilization [51]. Furthermore, the 3D model shows that the
a2-a5 core of one BAX molecule forms a stable interaction interface with the a2-a5 core of
another BAX molecule, in agreement with the crystal structure of the GFP-fused a2-a5 core
dimer of BAX [40]. We believe that while there is conflicting evidence, we speculate that
monomers insert the membrane prior to the oligomerization based on recent Model/2 data
and heterodimerization data (anti- & BAX).

BCL-2 Family Interactions With p53—Apart from BH3-only proteins, BAX and
BAK activation can also be initiated by other stimuli, such as low or high pH, hydrogen
peroxide, and mild heat [54-56]. Another intriguing stimulus is the non-BCL-2 family
protein, p53 [57]. In addition to direct transcriptional regulation of apoptosis, this tumor
suppressor protein has also been shown to regulate the BCL-2 family proteins by direct
interaction with BAX, BAK, BCL-2, and BCL-XL allowing for MOMP and apoptosis to
occur. Furthermore, the p53 protein possesses both sensitizer/de-repressor and direct
activator BH3-only protein functions and can directly control MOMP and apoptosis [58-62].
The molecular mechanism of direct BAX activation by p53 follows a different path leading
to the structural rearrangement of BAX. Very recent structural findings show that both the
cfsisomer of p53 proline 47 (Pro47) and its ability to isomerize are required for BAX
activation. The structural model of p53 in complex with BAX suggests that Pro47
isomerization destabilizes the C-terminus of BAX (region a6-a9) triggering BAX
rearrangement for activation. Other data also show that the prolyl isomerase Pinl (peptidyl-
prolyl cis-trans isomerase NIMA-interacting 1) enhances p53-dependent BAX activation by
catalyzing the cis-trans interconversion of p53 Pro47 [63].

The Pro-Apoptotic Landscape of the Outer Mitochondrial Membrane

The classical textbook view of mitochondria is that they are small bean-shaped organelles
scattered throughout the cytosol. Mitochondria, however, are dynamic organelles that vary
their shape from spherical to elongated through homeostatic cycles of fusion and fission
[64]. In addition, several reports indicate that the BCL-2 family regulates mitochondrial
shape, but direct mechanistic contributions to the decision to undergo MOMP are scarce. For
quite some time, it has been assumed that stress-induced apoptosis proceeds via
collaborative efforts between the BCL-2 family and mitochondria. However, whether all
changes in mitochondrial shape are a consequence of apoptosis or contribute an important
role in the cellular decision to undergo MOMP and apoptosis requires further investigation.
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While progress has been made in unraveling the molecular mechanism for the transition
from inactive to active BAK or BAX monomers and construction of large oligomers, how
these oligomers form a pore into the OMM remain unanswered. Several reports have
suggested that at least nine to twelve BAX molecules are required to release cytochrome ¢
[65,66], and upwards to twenty BAX molecules to release other (maybe larger) proteins
from the mitochondria [67]. Various experimental studies utilizing isolated mitochondria and
liposomal-based systems have demonstrated that the pores are composed of both
proteinacious and lipidic parts [68-70].

Previously published observations reveal that BAK/BAX-mediated apoptosis is regulated by
at least three factors: (i) a stress-specific combination of pro-apoptotic BH3-only proteins,
(if) an actively maintained and regulated lipid composition of the OMM via an array of lipid
metabolic pathways, and more recently (iii) a specific mitochondrial shape and size that
contributes to BAX activation [9,71,72]. Recent studies have shown that the mitochondrial
shape and size has an impact on cell death by contributing to BAX activation, MOMP, and
apoptosis. The diameter of the OMM cooperates with BAX helix a9 to establish stable
BAX-membrane interactions to promote MOMP and apoptosis [72]. These findings are
supported by previous observations showing that DRP1, a large GTPase of the dynamin
superfamily involved in mitochondrial fission, is able to directly remodel the OMM by
triggering membrane tethering and hemifusion and thereby promoting BAX oligomerization
[73].

In addition, biophysical data show that BAX-derived helical peptides induce pore formation
and that these pores are at least partially framed by a lipid monolayer. Furthermore, the data
suggests that the formation of such lipidic pores is a major mechanism for a-pore-forming
proteins, such as BAX. This mechanism involves the spontaneously binding of amphipathic
pore-forming peptides to the water-lipid chain interface of the lipid bilayer. This results to
the increase of interfacial area, which stretches the hydrocarbon core of the bilayer, causing
an elastic strain in the lipid bilayer and ultimately forming the pores. This model implies and
speculates that the curvature properties of the OMM influence the pore formation [69].

Besides the landscape of mitochondria, there is increasing evidence supporting a key role of
the lipid milieu in BAX-induced MOMP [9,68]. In particular, mitochondrial cholesterol has
potential to emerge as an important regulator of MOMP in response to apoptotic stimuli
(e.g., hypoxia, TNF, or BAX) [76]. The presence of cholesterol in the bilayer hindered BAX-
mediated MOMP due to the combination of reduced membrane dynamics and decreased
ability of BAX to insert or oligomerize into the OMM. This inhibition does not require
direct interaction with BAX but functions on the membrane environment to prevent BAX
integration [77-79].

An important component of the inner mitochondrial membrane (IMM) is cardiolipin, a
negatively charged phospholipid. Cardiolipin is almost exclusively found in the IMM, where
it constitutes 20% of the total lipid composition. However, small amounts of cardiolipin have
been found in the OMM [78]. Liposome and OMM vesicle studies demonstrated the
requirement of cardiolipin in the bilayer for BAX-induced permeabilization of mitochondrial
LUVs. Interestingly, LUVs composed of lipids that resemble the endoplasmic reticulum
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(ER) resist BAX-mediated permeabilization unless cardiolipin is added [68,79,80].
Additional roles for cardiolipin in the OMM include the BID translocation to liposomes, to
the OMM, and to mitochondrial contact sites [81-83]. Furthermore, cardiolipin is involved in
the recruitment and activation of caspase 8 to the OMM providing a docking site for the
interaction and activation of tBID [84]. Besides BID and BAX, cardiolipin also seems to
bind to a truncated form of BAK leading to an increased sensitivity to BID-induced BAK
activation and membrane permeabilization [85]. Finally, experimental data also provide
another role for cardiolipin in which it induces unique membrane curvature at the OMM
contact sites that stress the mitochondrial membrane [82]. It is believed that the interaction
with this stress-related membrane curvature is responsible for the C-shape conformation of
tBID.

Another key component in the lipid control of BAK/BAX-dependent MOMP is the
sphingolipid family of ceramides. Studies have shown that ceramide is able to form pores in
planar membranes as well as in isolated mitochondria and that the pore-forming activity of
ceramide is regulated by several members of the pro-survival BCL-2 subfamily [86-88]. In
contrast, numerous studies demonstrate that BAX synergizes with ceramide leading to
enhanced permeabilization of planar membranes and isolated mitochondria [89].
Interestingly, recent data suggest that small molecule inhibitors against the pro-survival
BCL-2 proteins engage ceramide accumulation in the OMM, and this depends on BAK
function [90].

Ceramides can be reversibly metabolized into a variety of lipid species that influence
cellular sensitivity to apoptosis. For example, ceramides can be converted into
sphingosine-1-phosphate (S1P), which is further metabolized into the fatty aldehyde,
hexadecenal. Experimental data show that S1P and hexadecenal promote BAK and BAX
activation, respectively [71]. Purified mitochondria deficient in S1P metabolism were
resistant to MOMP induced by BID and BIM; yet could be re-sensitized to BAK/BAX
dependent MOMP after the addition of S1P and hexadecenal, respectively. Furthermore,
data shows hexadecenal to bind directly to BAX promoting BAX activation,
oligomerization, and MOMP in mitochondria and LUVs [71]. These data reveal that
apoptotic pathways regulate mitochondrial shape and composition in a BCL-2 family
dependent manner, and that apoptosis proceeds when the same mitochondrial components
cooperate with BAK/BAX to induce MOMP.

Future Perspectives

Detailed structural studies complemented with elegant biochemical model systems have
enriched our understanding of the BCL-2 family and provided fascinating insights into how
mitochondrial biology controls BCL-2 family function and cell death commitment. Three-
dimensional structures of the BCL-2 family proteins with and without their cognate protein
partners have revealed key molecular insights into the mechanisms of cell death, along with
providing a foundation into the development of small molecule regulators of BAK/BAX-
dependent apoptosis. Indeed, we are just beginning to appreciate BAK/BAX oligomerization
and MOMP at the structural level (Fig3), and significant efforts should be focused on
understanding how mitochondrial membranes and lipids directly impact upon both the pro-
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survival and pro-apoptotic members of the BCL-2 family. Likewise, a broader repertoire of
membrane biology biochemical techniques and structural approaches should be applied to
the BCL-2 family to unveil deeper molecular details on this intriguing family of proteins that
function in the deadly landscape of the outer mitochondrial membrane.
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APAF-1
BCL-2
BAK

BAX

BH
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BCL-W
BCL-XL
MCL-1
BC-groove
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BIK
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HRK
BID

BIM
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outer mitochondrial membrane

tumor necrosis factor

mitochondrial outer membrane permeabilization

intermembrane space

apoptotic protease activating factor-1
B cell lymphoma-2

BCL-2 antagonist killer 1
BCL-2-associated x protein

BCL-2 homology

BCL-2-related gene Al

BCL-2-like 2 protein

BCL-2-related protein long isoform
myeloid cell leukemia 1

BH3 and C-terminus-binding groove
BCL-2 antagonist of cell death
BCL-2 interacting killer

BCL-2 modifying factor

Harakiri

BCL-2-interacting domain death agonist

BCL-2-interacting mediator of cell death
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PUMA p53-upregulated modulator of apoptosis

tBID truncated BID

BOK BCL-2-related ovarian killer
NMR nuclear magnetic resonance

ER endoplasmic reticulum

DEER double electron-electron resonance
LUV large unilamellar vesicles

Pro proline

Pinl peptidyl-prolyl cis-trans isomerase NIMA-interacting 1
DRP1 dynamin-related protein 1

IMM inner mitochondrial membrane
S1P sphingosine-1-phosphate
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Figure 1. Structural overview of BCL-2 family
(A-C) Domain architecture of the pro-survival members (A), the pro-apoptotic ‘BH3-only’

(B), and the pro-apoptotic ‘Effectors’ (C) in blue, yellow and red, respectively. The
corresponding three-dimensional structures are depicted (BCL-XL, BID, and BAX). (D)
Cartoon representation of BCL-XL bound to BIM-BH3 peptide showing the four
hydrophobic residues (h1-h4) of the BIM-BH3 domain and the Asp-Arg salt bridge involved
in the interaction with the BC-groove of BCL-XL. (E) The C-shape conformation of the
NMR structure of tBID (pale yellow) presented with the BH3 domain (a3) colored orange.
The tBID structure is determined in the presence of micelles and presumably represents an
activated conformation of tBID, in which each a helix interacts with the micelles but no
longer with each other, as shown in (B).
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Figure 2. Activation, rearrangement, and dimerization of BAX
(A) BAK and BAX structures superimposed shown in dark red and salmon, respectively.

The transmembrane of BAX (a9, colored in light blue) sits in the BC-groove. Zoomed in,

the superposition shows a narrow BAK BC-groove restricting the docking of the a9 helix.
(B) BAX activation sites are shown. BAX bound to BID-BH3 peptide (yellow) in the BC-

groove (left) and bound to BIM-SAHB peptide (orange) at the ‘trigger site’ of BAX on the
opposite side of the BC-groove (right). (C) The “Core/Latch-dimer’ of BAX is shown with
a6-a8 being interchanged between two BAX monomers. (D) The ‘BH3:Groove-dimer’ of
BAX is shown with a2 of each monomer engaged with the BC-groove of the other.
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Figure 3. Modé for the structural transitions of BAX activation, rearrangement, and
dimerization leading to oligomerization and MOM P

The BAX structures are shown in cartoon representation and color coded as in Figure 2. In
step i. the inactivated BAX monomer interacts with the BH3 domain of an activator BH3-
only protein via the BC-groove or the a1-a6 the trigger site. ii. BAX activation leads to
major structural rearrangement in which the latch domain (a6-a8) detaches from the core.
iii. In solution, two BAX monomers can engage in the core/latch swapped dimerization. iv.
At the OMM, BAX engages in BH3:groove dimerization, after disassociation of the
activator BH3 domain. The structure of the symmetrical a2-a5 core dimer of BAX revealed
an extensive hydrophobic surface defined by residues from the a4 and a5 helices that
stabilize the hydrophobic core of the inactivated BAX monomer. v. The formation of BAX
oligomers remains unclear, although an interface involving helix a6 has been proposed. One
of the emerging models suggests that the a2-a5 core dimers perturb the OMM through their
hydrophobic a4-a5 surface, thereby inducing MOMP.
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Overview of BCL-2 family structures

Pro-survival / Complex PDB Ref
hA1(Ac) + BOM-BH3 peptide 2vMe | 91
mMAL(Ac) + BMF-BH3 peptide 2VoG | 18
mAL(Ac) + BAK-BH3 peptide 2VOH | 18
MAL(Ac) + PUMA-BHS3 peptide 2VOF | 18
mAL(Ac) + BID-BH3 peptide AV/e] 18
hBCL-2(Ac) (isoform 1) 1G5M 92
hBCL-2(Ac) (isoform 2) 1GJH 92
mBCL-2(Ac) (Boo) 2KUA | 93
hBCL-2(Ac) + BAX-BH3 peptide 2XA0 | 94
hBCL-B(Ac) + BIM-BH3 peptide 4B4S 95
hBCL-W(Ac) 1IMK3 | 96
hBCL-W(Ac) 1o0L | 97
hBCL-W(Ac) + BID-BH3 peptide 1zv3 | 98
hBCL-W(Ac) 2Y6W | 99
hBCL-W(Ac) + own BH3 domain 4CIM 19
hBCL-xL(Ac) IMAZ | 11
hBCL-xL(Ac) XL | 11
rBCL-XL(Ac) 1AF3 | 100
hBCL-xL(Ac) + BAK-BH3 peptide 1BXL | 13
hBCL-xL(Ac) + BAD-BH3 peptide 1G65) | 101
mBCL-xL(Ac) 1PQ0 | 102
mMBCL-xL(Ac) + mBID-BH3 peptide 1PQ1 | 102
hBCL-xL(Ac) dimer 2B48 103
hBCL-xL(Ac) + Beclin1-BH3 peptide 2P1L 104
hBCL-xL(Ac) + Beclin1-BH3 peptide 2PON | 105
hBCL-xL(Ac) + BIM-BH3 peptide 3FDL | 106
hBCL-XL(Ac) + BAX-BH3 peptide 3pL7 | 107
hBCL-xL(Ac) + SOUL-BH3 peptide 3R85 | 108
hBCL-xL(Ac) + BIM-BH3 (BIimSAHB) 2YQ6 109
hBCL-xL(Ac) + PUMA-BH3 peptide 2M04 | 62
hBCL-XL(Ac) + PUMA-BH3 peptide 4HNJ | 62
hBCL-xL(Ac) + own BH3 domain 4CIN 19
hBCL-xL(Ac) + BID-BH3 peptide 4QVE | 110
hBCL-xL(Ac) hexamer 4PPI 111
h-rMCL-1(Anc) + hBIM-BH3 peptide 2NL9 | 112
mMCL-1(Anc) + mNoxa-BH3 B peptide | 2JM6 112
mMCL-1(Anc) + mNoxa-BH3 A peptide | 2ROD | 113
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Pro-survival / Complex PDB Ref

MMCL-1(Anc) + PUMA-BH3 peptide 2rROC | 113

hMCL-1(Anc) + BID-BH3 peptide 2KBW | 114
hMCL-1(Anc) + BIM-BH3 peptide 2PQK | 115
hMCL-1(Anc) + BAX-BH3 peptide 3PK1 116

hMCL-1(Anc) + MCL-1-BH3 peptide 3MKs | 117

hMCL-1(Anc) + PUMA-BH3 peptide 4BPI 118
hMCL-1(Anc) 2MHS | 119
Pro-apoptotic / Complex PDB Ref
hBAX(fl) 1F16 30
hBAX(fl) + BIM_SAHB peptide 2K7TW | 41

hBAX(Ac) dimer + BAX-BH3 peptide | 4BD6 | 40

hBAX(Ac) dimer + BID-BH3 peptide | 4BD2 | 40

hBAX(Ac) BIH-in-groove dimer (GFP) | 4BDU | 40

hBAK (Anc) 2IMT 29
hBAK(Anc) 2yve | 120
hBAK(Anc) + BID-BH3 peptide 2M5B | 43
hBAK(Anc) dimer 4U2U 44
hSOUL(Anc) 3R8K | 108

X-ray crystal and NMR structures of the BCL-2 family with their PDB code are listed in black and red, respectively. Species are indicated by h:
human, m: mouse, r: rat or h-r: human-rat chimeric protein. Ac, Anc, and fl in parentheses denote delta c (lacking c-terminus), delta n & ¢ (lacking
n- & c-terminus), and full length, respectively.
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