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The BCL-2 family of proteins control a key checkpoint in apoptosis, that of mitochondrial
outer membrane permeabilization or, simply, mitochondrial poration. The family consists of
three subgroups: BH3-only initiators that respond to apoptotic stimuli; antiapoptotic
guardians that protect against cell death; and the membrane permeabilizing effectors BAX,
BAK, and BOK. On activation, effector proteins are converted from inert monomers into
membrane permeabilizing oligomers. For many years, this process has been poorly under-
stood at the molecular level, but a number of recent advances have provided important
insights. We review the regulation of these effectors, their activation, subsequent conforma-
tional changes, and the ensuing oligomerization events that enable mitochondrial poration,
which initiates apoptosis through release of key signaling factors such as cytochrome c. We
highlight the mysteries that remain in understanding these important proteins in an endeavor
to provide a comprehensive picture of where the field currently sits and where it is moving

toward.

AWAKENING THE BCL-2 EFFECTORS IN
APOPTOSIS

ommitment to mitochondrial apoptosis
Cinvolves activation of effectors, which are
uniquely able to directly mediate mitochondrial
poration (Fig. 1; Czabotar et al. 2014; Moldo-
veanu et al. 2014). In most cells, the canonical
effectors BAX and BAK are typically expressed
in stable dormant conformations in the absence
of overt cellular stress (e.g., chemotherapeutic
insults, nutrient deprivation, growth factor with-

drawal). BAK and BAX have distinct mecha-
nisms of regulation, reflected primarily in their
respective steady-state localization at the mito-
chondrial outer membrane (MOM) and in the
cytosol in nonapoptotic live cells. Cellular stress
triggers apoptotic stimuli to awaken or activate
the effectors, which relocalize and change shape
to execute mitochondrial poration thereby initi-
ating apoptosis (Fig. 1). The underlying mecha-
nism of mitochondrial poration by effectors
is incompletely defined and debatable as dis-
cussed below.
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Figure 1. The BCL-2 family and the intrinsic pathway to apoptosis. (A) Family members of the BCL-2 protein
family. The family is made up of three subgroups of proteins related to each other by regions of sequence
homology, the so-called Bcl-2 homology (BH) domains. Regions of secondary structure and domains discussed
in the text are labeled. (B) BH3-only proteins, which generally only possess the BH3 domain, are up-regulated on
apoptotic stimuli to initiate signaling of the pathway. BH3-only proteins interact with both the effectors BAX and
BAK, and the antiapoptotic guardians. Guardians can protect against apoptosis by sequestering both the BH3-
only proteins, thus inhibiting effector activation, and by neutralizing activated effector proteins directly. If freed,
activated effectors oligomerize at the mitochondrial outer membrane leading to permeabilization of this barrier.
This enables the release of apoptogenic factors into the cytosol, primarily cytochrome c (cyt ¢), leading to caspase
activation and ensuing apoptosis. Emerging evidence indicates that BOK is a third member of the effector
subgroup with alternative mechanisms of regulation (discussed later).

Steady-State BAX on a Leash in the Cytosol

Association of BCL-2 family proteins with
mitochondria is largely governed by their car-
boxy-terminal tails. Tail deletion abolishes mi-
tochondrial localization and severely impacts
apoptotic function (Ferrer et al. 2012; Llambi
et al. 2016). Although not formally shown, the
tails most likely form transmembrane (TM) an-
choring helices or may involve association via
hydrophobic and hydrophilic interactions with
the outer leaflet of the MOM without traversing
the bilayer (e.g., as proposed for the BIM car-
boxy-terminal tail) (Liu et al. 2019). BAX is the
only folded BCL-2 family protein that preferen-
tially accommodates its carboxy-terminal TM
tail within the canonical hydrophobic groove,

protecting the hydrophobic character of this he-
lix and thus enabling the protein to remain solu-
ble in the cytoplasm (Table 1; Fig. 2A; Suzuki
et al. 2000; Garner et al. 2016; Robin et al. 2018).

Ithasbeen reported that cytosolic BAX exists
in an equilibrium between monomer and dimer
with an estimated K, of ~30 pm determined by
estimating dissociation of BAX dimers into
monomers over time from size-exclusion chro-
matography (Garner et al. 2016). Based on prob-
ing of BAX in solution by hydrogen deuterium
exchange mass spectrometry and crystal struc-
tures, it has been proposed that BAX dimers
form by burying the putative regulatory inter-
faces (canonical groove and rear site) thought
to be involved in activation (Fig. 2B; Garner
et al. 2016, vide infra). This configuration was
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Table 1. Summary of effector structures

The BCL-2 Family

Protein complex PDB References
Full-length hBAX 1F16 Suzuki et al. 2000
ANhBAKATM 2IMS Moldoveanu et al. 2006
BIM SAHB: Full-length hBAX 2K7W Gavathiotis et al. 2008
vMIA: Full-length hBAX 2LR1 Ma et al. 2012

BID BH3:hBAX 4BD2 Czabotar et al. 2013
BAX BH3:hBAX 4BD6 Czabotar et al. 2013
Octylmaltoside-induced hBAX dimer (Apo) 4BD7 Czabotar et al. 2013
BIM BH3-induced hBAX dimer (Apo) 4BDS8 Czabotar et al. 2013
hBAX BH3-in-groove dimer (GFP) 4BDU Czabotar et al. 2013
BID SAHB:ANhBAKATM 2M5B Moldoveanu et al. 2013
hBAK core/latch dimer 4U2U Brouwer et al. 2014
GFP-hBAK(02-05) (core domain dimer) 4U2V Brouwer et al. 2014
BIM BH3:hBAXATM 471E Robin et al. 2015

BIM BH3mini:hBAXATM 471F Robin et al. 2015

BID BH3mini:hBAXATM 471G Robin et al. 2015

BIM BH3mini:hBAXATM 47IH Robin et al. 2015

BID BH3:hBAXI66AATM
Full-length hBAX P168G

Full-length hBAX G67R
BIM-RT:hBAKATM core/latch dimer
BIM-RT:hBAKATM core/latch dimer
BIM-h3Pc:hBAK monomer
BIM-h3Pc-RT:hBAK core/latch dimer
chBOK

hBOK

Full-length hBAX P168G

Full-length hBAX P168G

Full-length mBAX

3C10Ab: full-length hBAX P168G

4711 Robin et al. 2015

4500 Garner et al. 2016
4S0P Garner et al. 2016
5VWV Brouwer et al. 2017
5VWW Brouwer et al. 2017
5VWZ Brouwer et al. 2017
5VWY Brouwer et al. 2017
5WDD Ke et al. 2018
6CKV Zheng et al. 2018
5W60 Robin et al. 2018
5W61 Robin et al. 2018
5W62 Robin et al. 2018
5W5X Robin et al. 2018

interpreted as an autoinhibitory mechanism
whereby the dimer is resistant to activation by
BH3-only proteins. BAX mutagenesis to break
down the autoinhibitory dimer augmented mem-
brane poration and apoptosis (Garner et al. 2016).
In contrast, a recent study observed BAX mono-
mers, not dimers in cells, and interpreted the
BAX configuration seen in the crystal structure
asa crystal-packing artifact (Dengler et al. 2019).
Another study also found Bax to be monomeric
in cells when solubilized in 1% CHAPS detergent
(Dai etal. 2015). Some estimates of BAX cellular
levels are lower than the reported dimerization
Kp (e.g., in overexpression systems at ~3 pm)
(Dussmann et al. 2010), and in several tumor
cell lines at ~20,000-70,000 BAX molecules
per cell (~17-60 nm for average cell volume of
~2000 pm3) (Dai et al. 2018). How do we recon-

cile these conflicting reports? One possible ex-
planation is that cytosolic BAX dimers could
be stabilized by additional mechanisms, perhaps
through posttranslational modifications. Fur-
ther studies may shed light on this phenomenon.

Dynamics of BAX Association with the
Mitochondria

BAX exists in a dynamic equilibrium shuttling
between the mitochondria and cytosol, a process
termed retrotranslocation (Edlich etal. 2011). In
nonapoptotic cells, this equilibrium is weighted
such that BAX is primarily cytosolic. Retro-
translocation is thought to occur through inter-
actions between BAX and antiapoptotic BCL-2
proteins such as BCL-xL, BCL-2, and MCL-1,
with the TM and hydrophobic grooves of the
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Figure 2. Regulated recruitment of cytosolic BAX to mitochondria. (A) The nuclear magnetic resonance and
crystal structures of wild-type (WT) and P168G mutant full-length hBAX (FL BAX) revealed the dormant
conformation of cytosolic BAX, with the carboxy-terminal transmembrane (TM) helix 09 bound to and oc-
cluding the BAX canonical hydrophobic groove (front view). The same colors have been used in structural figures
throughout for different secondary structure elements and regions. PDB identifiers are included (see Table 1 fora
summary of effector PDBs). (B) The crystal packing dimer of BAX P168G mutant. The proposed regulatory o:1-
02 loop is highly dynamic and found at the rear site. (C) Schematic of retrotranslocation and possible inhibition
of mitochondrial BAX by parkin ubiquitylation (Ub). (D) Mitochondrial recruitment is also thought to be
regulated by mitochondrial dynamics and by VDAC complex via VDAC2 interactions. Parkin ubiquitylation
of VDAC?2 blocks BAX recruitment. BAX phosphorylation by AKT at position S184 blocked its mitochondrial
association. (E) Chemically stapled BIM, BH3-stabilized o helix of BCL-2 protein (SAHB) has been proposed to
displace the regulatory o.l-02 loop at the rear to induce allosteric changes that ultimately destabilized the TM
interaction at the front activation groove to drive targeting of BAX to the mitochondria via TM (see D).

latter interacting with the BH3 region and TM of
the former (Edlich et al. 2011; Todt et al. 2013).
This process has not been elucidated structural-
ly, but it appears that antiapoptotic BCL-2 pro-
teins may act as chaperones of BAX, constantly
sampling BAX conformations that promote
mitochondrial association such as exposure of
amino-terminal activation epitopes (6A7 is the
antibody that recognizes one such epitope), car-
boxy-terminal TM association with MOM, and

BH3 exposure (Edlich et al. 2011; Todt et al.
2013). Reversal of mitochondrial association
by retrotranslocation is thought to occur
through transient formation of BAX:antiapo-
ptotic BCL-2 protein complexes that shuttle back
into the cytosol before dissociating (Fig. 2C).
Remarkably, BAX retrotranslocation appears
to occur even if BAX is membrane integral, pre-
sumably with the carboxy-terminal TM tail tra-
versing the bilayer (Lauterwasser et al. 2016). It
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has also been proposed that BAK undergoes
a similar shuttling mechanism, although in
this case with the equilibrium pushed heavily
toward membrane association (Todt et al.
2015). Mitochondrial association also seems to
be dependent on mitochondrial morphology, as
hyperfragmented mitochondria fail to support
BAX association and mitochondrial poration
(Renault et al. 2015). This failure has been at-
tributed to the inability of BAX TM tails to in-
teract with fragmented membranes and GTPase
mitofusin 1 has been reported to counteract this
by mediating mitochondrial fusion (Fig. 2D; Re-
nault et al. 2015).

Several studies have also revealed a role for
VDAC2 in the recruitment of BAX to mitochon-
dria (Ma et al. 2014; Lauterwasser et al. 2016;
Cakir et al. 2017; Chin et al. 2018; Bernardini
et al. 2019). The size of digitonin-solubilized
complexes of BAX and VDACs on native
PAGE are estimated to be >400 kDa. In bio-
chemical and genetic studies, VDAC2 deletion
inhibited the mitochondrial localization and ap-
optotic function of BAX. Surprisingly, although
BAK is also found in a similar high-molecular
weight complex that includes VDAC2 (Lazarou
etal. 2010; Chin etal. 2018), BAK-mediated apo-
ptosis is not significantly impaired by VDAC2
deletion, but is actually potentiated (Cheng et al.
2003). Structures for these effector:VDAC com-
plexes have not yet been solved, but once these
details are understood it is likely that they will
provide new strategies for modulating mito-
chondrial poration and apoptosis.

The Rear of BAX and Mitochondrial
Association

The nuclear magnetic resonance (NMR) struc-
ture of human full-length BAX predicted that
BH3 activators would be unable to displace the
TM (helix 09) from the groove in the absence of
an energy-driven triggering process to disengage
the 09 (Suzuki et al. 2000). In the absence of
additional energy, we now know that addition
of BH3 activator peptides to full-length BAX
induces large aggregates in solution over time
(Sung et al. 2015; Garner et al. 2016). These
aggregates are readily able to porate mem-

The BCL-2 Family

branes (Sung et al. 2015; Garner et al. 2016).
We do not know the structure of BAX in this
aggregate, but it likely involves a dynamic het-
erogeneous interaction web mediated by inter-
molecular associations of displaced hydropho-
bic TM regions. Similar aggregates are not seen
with BAX-ATM and BH3 activator peptides,
which form 1:1 complexes amenable to struc-
tural characterization (Table 1, vide infra). These
observations indirectly suggest that BH3 activa-
tors are able to displace the TM helix from the
groove in solution.

A major point of contention in BAX activa-
tion over the past decade has centered on reveal-
ing how the TM is displaced from the groove.
Allostery has been implicated in this process
through ensembles of Bax conformers within
the cytosol (Robin et al. 2018; Dengler et al.
2019). To discover allosteric mechanisms for
TM displacement from the groove by BH3 do-
mains, chemically stapled BIM BH3 has been
deployed in structure-function studies (Gava-
thiotis et al. 2008, 2010), and chemically stapled
BH3 peptides from BID and PUMA were de-
signed to investigate BAX and BAK activation
(Edwards et al. 2013; Leshchiner et al. 2013).
These low-resolution studies by NMR and pho-
toaffinity labeling mass spectrometry, suggested
engagement by BH3 activators to a rear allosteric
activation site on BAX (but not BAK) (Fig. 2E).
Although the binding of unstapled BH3 acti-
vators to BAX is undetectable, stabilization
through chemical stapling increased the affinity
for the rear allosteric site (Kp in um) (Walensky
et al. 2006). Unfortunately, the low-resolution
model of the rear activation interface has been
refractory to surface probing by site-directed
mutagenesis, as none of the substitutions tested
have been able to block BAX activation in mul-
tiple laboratories (Okamoto et al. 2013; Peng
et al. 2013; Garner et al. 2016; Dengler et al.
2019). For instance, mutagenesis to block auto-
inhibitory BAX dimers, which should impact
BAX activation at the rear site directly, revealed
acounterintuitive enhancement in BAX apopto-
tic activity compared with wild-type (WT) (Gar-
ner et al. 2016). It is possible that the models for
BH3 activation at the rear site are incomplete,
that this interface does not matter significantly
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for BAX activation, or that the staple itself is
facilitating some of these events. From our ex-
perience, stapled peptides are most useful when
they mimic all of the functional features ob-
served with the unstapled counterparts while
still offering enhanced helicity and affinity for
the target (Moldoveanu et al. 2013). TM-deleted
BAX and full-length BAK show significant in-
teractions with activator BH3 peptides at the
canonical groove, which is their main binding
site common to both effectors (vide infra) (Ed-
wards et al. 2013; Leshchiner et al. 2013). Future
mechanistic high-resolution studies exploring
complexes of BAX and BAK with full-length
BH3-only proteins, which may show additional
regulatory interaction interfaces as recently pro-
posed for full-length BIM and BAX (Chi et al.
2019) and tBID and BAK (Dengler et al. 2019),
may resolve these issues.

Getting in (and out of) the Groove—“Hit-and-
Run” Effector Unleashing

A better characterized mechanism of BAK and
BAX activation involves canonical engagement
of their groove by BH3 activators, such as BID,
BIM, and PUMA. Because the affinity of BH3
activator peptides for BAK and BAX is relatively
low (Kp ~ pm), structural analysis by NMR and
X-ray crystallography has lagged behind that of
the much tighter complexes occurring between
BH3 peptides and antiapoptotic BCL-2 proteins
(Kp ~ nm) (Suzuki et al. 2000; Moldoveanu et al.
2006, 2013; Czabotar et al. 2013). The effector ac-
tivation “hit-and-run” model is based on the weak
affinities of these interactions, whereby direct acti-
vators bind transiently and are thus not found in
stable complexes with effectors, especially in cell-
based pull-down or gel-filtration chromatography
assays in which protein levels are below the in-
teraction K (Wei et al. 2000). In retrospect, it is
not surprising that effectors were not found
bound to direct activators in these early studies.

To this end, three breakthroughs toward sta-
bilization of effector:activator complexes have
been made to achieve their high-resolution
structures: (1) domain-swapped dimers of
BAX-ATM and BAK-ATM, which are more sta-
ble than monomers and crystallize more readily

in complex with activators (Czabotar et al. 2013;
Robin et al. 2015; Brouwer et al. 2017); (2) chem-
ically stabilized activator peptides with enhanced
helicity and affinity for effectors (Moldoveanu
et al. 2013); and (3) mutant activator peptides
with enhanced solubility and affinity (Robin
et al. 2015; Brouwer et al. 2017). These efforts
have generated 11 high-resolution structures of
effector:activator complexes (Table 1). These
structures have captured BAK and BAX in sev-
eral groove-destabilized conformations, whose
intramolecular contacts throughout the groove
are rearranged or disrupted relative to apo struc-
tures (Fig. 3A). Similar to their complexes with
antiapoptotic BCL-2 proteins, these structures
have revealed a six-turn activator helix bound
via six to eight hydrophobic residues to hydro-
phobic pockets in effector grooves, stabilized by
a conserved arginine-aspartate salt bridge (Fig.
3B). Extensive activator mutagenesis corrobo-
rated these structures and has been adopted to
turn BH3-only sensitizers such as BAD into di-
rect effector activators (Czabotar et al. 2013;
Moldoveanu et al. 2013). Biochemical studies
have suggested that most BH3 peptides are able
to activate BAX and BAK (Kuwana et al. 2002,
2005; Kim et al. 2009; Du et al. 2011; Chen et al.
2015; Hockings et al. 2015), and sequence
alignments in light of the structural studies cor-
roborate that most BH3 peptides have some
conserved features allowing them to partly enga-
ge canonical grooves (Fig. 3C). How full-length
BH3-only proteins contribute to effector acti-
vation remains a pressing question. A recent
biochemical study suggests that there are con-
tributions from the carboxy-terminal mito-
chondrial targeting sequence of BIM in BAX
activation (Chi et al. 2019).

Gluing Inhibitors at the Groove of BAK

Two studies revealed how the canonical activa-
tion groove can also act as a site of inhibition for
BAK. The original study showed biochemically
that when the BID BH3 carboxyl terminus was
cross-linked to the carboxyl terminus of BAK-
ATM via engineered cysteines, the correspond-
ing complex was intrinsically inactive, yet it was
activatable through competition with excess-free

6 Cite this article as Cold Spring Harb Perspect Biol 2020;12:a036319
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Figure 3. Structural basis of BAX and BAK direct activation through the canonical BH3 binding groove and
selective human BAK inhibition. (A) BH3 peptide complexes with BAX (fop) and BAK (bottom), aligned on
apoBAK, reveal the overall similar arrangement of BH3 helices at the activation grooves. Six to eight hydrophobic
residues of the BH3 peptides engage six hydrophobic pockets (numbered PO-P5). BAX and BAK grooves are
occluded in apo forms at P1-P2, and P2-P3, respectively. Chemical stapling induced a slight shift of the PO-P3
portion of the BID BH3 helix at the activation groove of BAK. BH3 binding involves opening of the occluded
grooves in BAX and BAK and formation of deep pockets not engaged by peptide residues (van der Walls contacts
4 A from the nearest peptide atom) (orange). (B) Structure-guided design of BIM BH3-based molecular glue that
locks BAK in an inactive conformation similar to apoBAK by introducing stabilizing salt bridges that block helix
ol release. (C) BAX and BAK engage BH3 peptides similarly at the canonical groove yet they show different
peptide-induced changes, which manifest by formation of engorged cavities at the regions indicated by the
arrows. Destabilized regions in BAX are at the groove region near helix 03 and a8, and in BAK are on either
side of the carboxyl terminus of helix 0.2 and the amino terminus of helix a:3. Rotation is relative to the front view.
BH3 peptide alignments indicate the position of the hydrophobic residues (HO-HS5) that make contact with
hydrophobic pockets (P0-P5) in BAX and BAK. HO-H5 residues in BID and BIM (red) were deduced from
structures of respective peptides in complex with BAX and BAK. Purple residues are hydrophobic residues found
at the putative positions in other BH3 peptides expected to more weakly activate effectors compared with BH3
peptides from BID and BIM. A conserved BH3 aspartic acid (black highlight) forms a stabilizing salt bridge with a
conserved arginine in the groove of BAX and BAK (B). A small residue (glycine or alanine, labeled s), allows tight
contact between the BH3 helix and the groove next to the conserved salt bridge.

BID BH3 peptide (Moldoveanuetal.2013). More
recently, structure-guided engineering of BIM-
like BH3 peptides selective for human BAK pro-
vided a strategy for BAK inhibition. This study
rationally introduced nonnatural acidic amino
acid residues at the BIM H3 position to interact

with two buried basic residues deep in the P3
pocket of BAK (Brouwer et al. 2017). Although
the Kp of these inhibitory complexes range from
uM to nM, the peptides show molecular glue char-
acteristics through stabilizing contacts that keep
BAK inactive by preventing release of helix ol
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(Fig. 3B). This study also shows that replacement
of HO amino acids from BIM-like to BID-like
residues confers a significant boost in affinity
(Kp ~1 uMm to ~20 nm) indicating major contri-
butions to stabilizing interactions at this position
(Fig. 3B,C). Based on the original study, modifi-
cations in BH3 peptides to enhance affinity for
effectors may be applicable more broadly to ef-
fector inhibition (Moldoveanu et al. 2013), and
similar design strategies may be adopted in
groove-targeted effector inhibitory small-mole-
cule chemical probes (Moldoveanu et al. 2013;
Brouwer et al. 2017).

HOW ACTIVE EFFECTORS EXECUTE
MITOCHONDRIAL PORATION

From Monomers to Dimers, the Particle
on Which the Oligomer Builds

Once activated and at the MOM, Bax and Bak go
through a series of conformational changes that
involve the release of their ol helix (Hsu and
Youle 1998; Llambi et al. 2011), partial exposure

of their BH3 domain (Dewson et al. 2008, 2012;
Llambi et al. 2011) and disengagement of core
(02-0ai5) from latch (06-08) regions (Fig. 4A,B;
Czabotar et al. 2013; Brouwer et al. 2014). The
order of these events remains unclear, and some
or all may occur simultaneously. Antiapoptotic
guardians, if not already complexed with BH3-
only relatives, can neutralize the activated forms
of BAX and BAK at this step by binding to their
exposed BH3 domains to prevent homodimeri-
zation (Oltvai et al. 1993; Wang et al. 1998;
Fletcher et al. 2008; Llambi et al. 2011). Increas-
ing concentrations of competing BH3-only pro-
teins, decreasing concentrations of prosurvival
proteins (e.g., by degradation) (Willis et al.
2005; Czabotar etal. 2007), or increasing concen-
trations of activated BAX and/or BAK lead to the
formation of homodimers, or possibly in some
settings BAX/BAK heterodimers (Dewson et al.
2012).

Homodimer formation is a key step in the
process to oligomerization and pore formation.
Early cross-linking studies showed that these

A B C Top view
i 0p 02
ol =) e o2 0
CM «’L‘\‘r,e&f W *
‘;/\ )~ )1 M W
7 ‘:’: .‘L‘\‘ o3 o3
b Side view
= Hydrophilic
5 o2 o
b © el
p NV D
i « fl s “3: @
|08 @~ i (a5 o5 Doa @
pre—— c o7 Hydrophobic T

——— R

-l
v

‘MOM ] []
Monomeric BAX/BAK  Activator BH3 BH3 binding separates Freed domalns | @
at the mitchondrial domains engage the and form BH3-in-groove dimers
membrane canonical groove domains and destabilizes Dimer ollgomenzatlon

the intrinsic BH3

leads to MOMP

Figure 4. Structural transitions during BAX and BAK activation. (A) Activation of monomeric BAX and BAK
leads to a series of structural transitions eventuating in dimerization, oligomerization, and ultimately pore
formation. Of this sequence, high-resolution structural details are available for monomeric forms of the proteins
(Fig. 2A), BH3 activation at the canonical groove (Fig. 3), core from latch detachment (B), and core domain
dimers as in C. (B) One of the structurally characterized conformation changes is disengagement of the core
domain from the latch region. (C) Once released, core domains dimerize through a symmetric BH3-in-groove
protein—protein interface. The dimer produced has a hydrophilic surface dominated by 02-03 and a hydropho-
bic surface lined by 0:4-a5. The hydrophobic surface is thought to engage the outer mitochondrial membrane as a
step toward permeabilization. Structures shown throughout are for BAX, but similar transitions have been shown

for BAK as indicated in the text.
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formed through insertion of the BH3 of one
monomer into the groove of a neighboring mol-
ecule (Dewson et al. 2008, 2012; Bleicken et al.
2010; Zhang et al. 2010). Subsequent crystallo-
graphic studies revealed the structure of these
symmetric BH3-in-groove dimers (Czabotar
et al. 2013; Brouwer et al. 2014), later also con-
firmed through biophysical proximity measure-
ments (Bleicken et al. 2014; Mandal et al. 2016).
A consequence of this transition from monomer
to dimer is the conversion from a globular entity
with a largely hydrophilic surface to a platform-
like structure, which is amphipathic in nature
(Fig. 4C). It has been proposed that the hydro-
phobic surface of this platform is responsible for
interacting with lipids of the outer mitochondri-
al membrane surface as a step toward permeabi-
lization (Czabotar et al. 2013; Brouwer et al.
2014) and/or to line the pore of the lumen sub-
sequently formed (Bleicken et al. 2014; Mandal
et al. 2016).

Building the Larger Oligomer and Forming
a Pore

The precise nature by which BAX and BAK di-
mers form into larger oligomers and then per-
meabilize the outer mitochondrial membrane
remains one of the principal questions within
the field. From some studies, a daisy chain mod-
el of Bax and Bak oligomerization has been pro-
posed (Bogner et al. 2010; Pang et al. 2012), with
the front of one Bax monomer interacting with
the rear of a neighbor. However, this model is
inconsistent with the now well-characterized
symmetric BH3-in-groove dimers, as a daisy
chain interface is asymmetric, and thus is un-
likely to represent the reality of the larger oligo-
mer. Other studies showed that residues in the
06 of Bax and Bak could be cross-linked in a
fashion consistent with these helices running
parallel to each other in a larger complex (Dew-
son et al. 2009, 2012). Further cross-linking
studies showed that linkage between dimers
was not restricted to only this region, and that
in fact a large number of residues across a range
of different regions of the proteins could indeed
be cross-linked (Zhang et al. 2010, 2016; Aluvila
et al. 2014; Iyer et al. 2015; Uren et al. 2017).

The BCL-2 Family

In all cases, these interdimer cross-links do not
saturate, unlike the previously observed intra-
dimer cross-links, suggesting that these contacts
do not necessarily represent defined protein—
protein interfaces, as observed and structurally
characterized for the BH3-in-groove dimer.
The mechanism by which larger BAX and
BAK oligomers build, how they form pores, and
the nature of the pores themselves has also been
a matter of much conjecture. Atomic force mi-
croscopy, superresolution microscopy, and elec-
tron tomography show that BAX oligomers can
form a variety of sizes and shapes including clus-
ters, rings, lines, and arcs (Grosse et al. 2016;
Salvador-Gallego et al. 2016; Ader et al. 2019).
Recently, it was discovered that pores of ex-
tremely large apertures can be induced by
BAX (McArthur et al. 2018; Riley et al. 2018).
These “macropores” enable the release of
mtDNA into the cytoplasm resulting in activa-
tion of the cGAS/STING pathway and leading to
type I interferon production (Rongvaux et al.
2014; White et al. 2014). It is still unclear how
BAX and BAK initiate these heterogeneic mem-
brane ruptures, but once this event has occurred
it is likely that oligomers line the pore in some
manner to stabilize the lumen. Protein-lined
membrane pores can be either proteinaceous,
in which the lumen is entirely lined by protein,
or toroidal, where the lumen is lined by both
protein and lipid headgroups; mounting evi-
dence supports the latter for BAX and BAK
(Terrones et al. 2004; Qian et al. 2008; Aluvila
et al. 2014; Bleicken et al. 2014; Salvador-Gal-
lego et al. 2016; Li et al. 2017). Spectroscopic
experiments have been used to understand the
alignment of dimers on the pore lumen and
within the oligomer, leading to two distinct
models. One involves dimers straddling the
membrane bilayer such that the a9 TM helices
run antiparallel to each other, the so-called
clamp model (Bleicken et al. 2014). A second
model involves dimers concentrated on the up-
per edge of the lumen leaving a9 TM helices to
enter the membrane from the cytosolic side of
the membrane and thus run parallel to each
other (Mandal et al. 2016). It is currently unclear
which of the two models represents the situation
in cells, with further work required to under-
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stand this important aspect of membrane per-
meabilization. For further details and discussion
of these opposing models, we refer the reader to
arecent comprehensive review by Bleicken et al.
(2018).

TOWARD CHEMICAL PROBING
CANONICAL EFFECTORS

BAX and BAK are potential therapeutic targets
that may be activated or inhibited to initiate or
block apoptosis in disease. Understanding their
molecular mechanisms of action importantly
informs the development of small-molecule
chemical probes to selectively target their activity.
Accordingly, the effector field is now following in
the footsteps of groups that developed antagonist
of antiapoptotic BCL-2 proteins as exquisite
chemical probes and therapeutics (Oltersdorf
et al. 2005; Tse et al. 2008; Lessene et al. 2013;
Souers et al. 2013; Huang et al. 2019).

Several small molecules have been discov-
ered in academic laboratories through screening
efforts against BAX and BAK. It is early for
many of these compounds, particularly com-
pared with those targeting antiapoptotic pro-
teins, and future applicability requires these to
be carefully tested by multiple investigators for
potency, selectivity, and a proven mechanism of
action (Arrowsmith et al. 2015). Nonetheless,
these published compounds potentially inform
on the dynamics, accessibility, and drugability of
effector binding sites. Compound binding at
these sites may induce, block, or cooperate
with putative mechanisms of effector activation,
inhibition, functional homodimerization, and
higher order oligomerization. We briefly sum-
marize features of small-molecule effector mod-
ulators below (Fig. 5).

BAX Activators Aimed at Its Front and Rear
Sites

Compound 106 (ZINC 14750348) was identified
in virtual screens for binders of the front, canon-
ical BAX activation site and induced BAX-
dependent but not BAK-dependent cytotoxicity
in bak™'~bax™'~ mouse embryonic fibroblasts
(MEFs) expressing human BAX or human

BAK (Fig. 5A; Zhao et al. 2014). Compound
106 destabilized BAX in thermal shift assays
and induced BAX-dependent cyt ¢ release in vi-
tro and human tumor apoptosis in tissue culture
and in vivo. Others have discovered additional
BAX-selective activator compounds with in vi-
tro and in vivo activity in virtual screens as sup-
posed modulators of the front site interaction
with the TM tail (Xin et al. 2014), although their
direct interaction with, and functional activation
of, BAX was not rigorously shown. Two of these
compounds contain alkene groups that could
form Michael addition adducts with many intra-
cellular nucleophiles and therefore are not likely
selective for BAX.

Compounds designed as rear site activators
of BAX, including BAM7 (Gavathiotis et al.
2012) and its second iteration BTSA1 (Reyna
et al. 2017), were identified through in silico
and subsequent analog searches (Fig. 5A). These
compounds displace BIM SAHB:BAX complex-
es with IC5g of 3 um and 250 nM in fluorescence
polarization assays, respectively. Evidence that
they behave as bona fide BAX activators includes
their induction of 6A7 antibody epitope expo-
sure, oligomerization in solution over time
similar to that induced by BH3 activators, mem-
brane translocation, membrane permeabiliza-
tion, BAX-selectivity over BAK in cells, and
cell-based and in vivo activity against acute my-
eloid leukemia tumors (Reynaetal. 2017). On the
other hand, their binding to BAX by 2D NMR is
less compelling with very small chemical shift
perturbations (<0.015 ppm) for most of the res-
onances deemed significant and overlapping
the rear activation site (Gavathiotis et al. 2012;
Reyna et al. 2017). Might these compounds en-
gage the canonical activation site in BAX? We do
not currently know, but this question should be
included in experimental design whenever BAX
modulators are pursued, as we expect that canon-
ical groove engagement and destabilization to be
essential in BAX activation. Interestingly, BTSA1
contains an imine group known to be prone
to hydrolysis that may release the hydrazino-thi-
azole moiety (Gaulton et al. 2017). A caveat of
effector activation in cells is that many chemicals
may trigger effectors indirectly by up-regulating
and activating the upstream BH3-only proteins.
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Figure 5. Effector activation and inhibition with molecules other than BH3 peptides. (A) Proposed small-
molecule activators (red), inhibitors (green), and allosteric modulators (orange) of BAX and BAK membrane
permeabilization, and their possible interaction sites. The postulated inhibitory site of interaction for BCL-2 BH4
SAHB is also indicated. (B) The human cytomegalovirus protein viral mitochondrial-localized inhibitor of
apoptosis (VMIA) inhibits BAX through a short helical peptide. (C) Antibody-mediated activation of BAX
involves binding of an epitope of the regulatory o1-a2 loop, which unfolds the carboxyl terminus of helix ol.
The heavy and light chains of the 3C10 Ab are colored red and pink, respectively.

Such possibilities could be explored through pro-
filing of BCL-2 proteins + drug to ensure direct
rather than indirect effector activation.

BAX Inhibitors Glue the Bottom of the Groove

BAX inhibitory compounds (BAIs) were discov-
ered early (Bombrun et al. 2003), and were re-

cently reported to inhibit activated truncated
BID (tBID)-induced BAX-mediated liposome
permeabilization with ICsy ~4 pum (Garner
etal. 2019). BAIs bind to a pocket at the bottom
of the canonical groove between helices a3, a4,
05, and 06 with K, ~15 pm, established by mi-
croscale thermophoresis, although they induce
small chemical shift perturbations (<0.015
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ppm) in BAX detectable by 2D NMR (Fig. 5A;
Garner et al. 2019). These inhibitors are thought
to block the conformational changes associated
with BAX activation, thus preventing its mito-
chondrial translocation and oligomerization,
and selectively inhibit BAX- but not BAK-de-
pendent apoptosis with an ICsy of ~2 pm (Gar-
ner et al. 2019). Interestingly, trifluoroperazine
(TFP) is a distant structural analog of BAITs, dis-
covered as an inhibitor of BAK-mediated lipo-
some permeabilization with an ICsy ~10 um
(Song et al. 2014). TFP binds BAK-ATM with
Kp ~70 uM in isothermal titration calorimetry
assays, and blocks BAK oligomerization in lipo-
somes, but its mode of binding to BAK has not
been established (Song et al. 2014).

Other Means to Effector Structure-Function
Modulation

Several modulators of BAK and BAX were dis-
covered based on screening using liposome
permeabilization assays. OICR766A activated
BAX with an ECsy of ~100 nm (liposomes)
and ~900 nMm (mitochondria), was shown to in-
duce oligomerization and membrane localiza-
tion of BAX, and showed a strict requirement
for residue C126 for activity (Fig. 5A; Brahm-
bhatt et al. 2016). OICR766A reportedly induced
apoptosis in a BAX- or BAK-dependent manner
and was inactive in bak™'~bax™'~ baby mouse
kidney (BMK) cells, suggesting that it directly or
indirectly activated BAX/BAK. MSN-125 and its
analogs partially inhibited BAX-mediated lipo-
some permeabilization with an ICsq of ~4 um,
BAX- or BAK-mediated mitochondrial pora-
tion with an ICso of ~10 um and ~20 pm, respec-
tively, and inhibited BAK- and BAX-dependent
apoptosis (Niu et al. 2017). Interestingly, MSN-
125 appeared to act by preventing higher order
oligomerization beyond dimerization as exam-
ined in cross-linking studies (Fig. 5A).
Allosteric modulation of effector activity has
been reported with: (1) a helical peptide from
human cytomegalovirus viral mitochondria-lo-
calized inhibitor of apoptosis (VMIA), which
binds a surface pocket at the Bax 03-a4 and
05-06 hairpins, presumably acting by allo-
sterically blocking conformational changes, or

activation at the canonical groove (Fig. 5B; Ma
et al. 2012); (2) antibodies that bind epitopes in
the al-02 loop, inducing protein unfolding to
directlyactivate BAK and BAX (Fig. 5C; Iyeretal.
2016; Robin etal. 2018); (3) a stapled BCL-2 BH4
helix peptide that binds a site at the bottom of
the canonical groove composed of the a1, o1-0.2
loop, and 05-06 hairpin presumably blocking
BAX activation (Fig. 5A; Barclay et al. 2015);
and (4) a BIF-44 fragment binding a surface
pocket at the center of a:5-06 helices, which syn-
ergizes with peptide-based BH3 activators (Fig.
5A; Pritz etal. 2017). These studies have revealed
multiple modalities for modulating BAK and
BAX conformations, potentially impacting their
apoptotic function either independently or
through synergism with BH3 activators. Ulti-
mately, chemical probe effector modulators
need to evolve via structure-based design to sim-
plify and guide a structure-activity relationship
(SAR). Moreover, effector binding site mutagen-
esis must be thoroughly performed to test the
role of surface pocket engagement in effector
modulation. Some of the sites may be undrug-
gable because of their small size and/or peri-
pheral involvement in effector modulation, fac-
tors that would limit the development of potent
(Kp ~nm) and selective (e.g., ~30-fold differenc-
es for BAX vs. BAK) chemical probes.

POSTTRANSLATIONAL EFFECTOR
MODIFICATIONS DOWN-REGULATE
APOPTOSIS

Posttranslational modifications have been im-
plicated in BAK and BAX activity, although
this area of the field has not been exhaustively
probed. It has been reported that phosphoryla-
tion of BAX S184 in the carboxy-terminal TM
tail prevents BAX targeting to mitochondria
in tumor cell lines (Gardai et al. 2004; Xin and
Deng 2005; Wang et al. 2010; Quast et al. 2013).
Through exposure of the canonical groove, this
phosphorylation event could render cytosolic
BAX a better receptor for BH3-only activators.
Such unproductive BH3-only protein:BAX in-
teractions would down-regulate apoptosis in-
duced by BH3 mimetics that disrupt or prevent
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formation of complexes between pro- and anti-
apoptotic BCL-2 proteins (Fig. 2D; Kale 2018).

Ubiquitylation of BAK, BAX, and BOK (vide
infra) has been reported to down-regulate effec-
tor-mediated apoptosis (Cakir et al. 2017; Ber-
nardini et al. 2019). Monoubiquitylation of
BAK’s single lysine, K113, in the canonical
groove by the E3 ligase parkin during mitophagy
has been shown to down-regulate the ability of
BAK to permeabilize membranes in vitro and in
cells by interfering with activation, dimerization,
and oligomerization (Bernardini et al. 2019). In
contrast, VDAC2 ubiquitination by parkin in-
hibited BAX mitochondrial localization, possi-
bly through steric hindrance of the interaction
between BAX and ubiquitylated VDAC2 and/or
through reduced BAX recruitment because of
reduced VDAC?2 levels (Bernardini et al. 2019),
although this has not been formally tested. BAX
regulation by ubiquitylation is more complex
and context-dependent and may involve direct
(Cakir et al. 2017) and indirect targeting of the
BAX apoptotic axis (Fig. 2C,D; Bernardini et al.
2019). BAX K128 has been implicated in ubiq-
uitylation and degradation by ectopic parkin ex-
pression, which may protect against BAX-medi-
ated apoptosis. K128R BAX was resistant to
parkin-mediated degradation suggesting that
pharmacologic targeting of parkin may modu-
late BAX-dependent apoptosis (Cakir et al.
2017). In contrast, VDAC2 ubiquitination by
parkin inhibited BAX mitochondrial localiza-
tion by presumed steric hindrance of the inter-
action between BAX and ubiquitylated VDAC2
(Bernardini et al. 2019). Future high-resolution
studies may shed light on the molecular mecha-
nisms of inhibition of effectors by posttransla-
tional modifications.

BOK—THE LONE WOLF EFFECTOR

BOK is a BCL-2 family member that most re-
sembles BAX and BAK at the sequence level, but
for many years its role in apoptosis was unclear
largely because its upstream triggers were
unknown (Ke et al. 2012; Carpio et al. 2015;
Fernandez-Marrero et al. 2016). Early studies
indicated that it was predominately located at
the endoplasmic reticulum (ER) in complex

The BCL-2 Family

with IP; receptors rather than at the mitochon-
dria (Echeverry et al. 2013; Schulman et al. 2013,
2016). Additionally, a role for BOK in mito-
chondrial fusion has also been suggested (Schul-
man et al. 2019). However, recently, an effector
role for BOK has emerged from genetic, bio-
chemical, and structural studies (Fig. 6). Genet-
ically, BOK has been implicated as an effector in
studies that combined deletion of BAK, BAX,
and BOK in hematopoiesis and during embry-
onic development (Ke et al. 2015, 2018). Com-
bined deletion of BAK and BOK or BAX and
BOK only revealed a possible role for BOK in
ovaries (Ke et al. 2013). In lethally irradiated
mice transplanted with fetal liver cells from
bak™'"bax™'~ double knockout (DKO) and
bak™'"bax™'"bok™'~ triple knockout (TKO)
mice, TKO reconstituted mice had more periph-
eral blood lymphocytes, and lymphoid infiltra-
tion, supporting BOK’s functional redundancy
with BAK and BAX (Ke et al. 2015). The most
compelling genetic demonstration for a role of
BOK as an effector was the comparative inves-
tigation of DKO and TKO mice (Ke et al. 2018).
These suggested that intrinsic apoptosis defects
are greatly exacerbated in TKOs, which ulti-
mately contributed to widespread embryonic
and perinatal lethality. Surprisingly, a small
fraction of TKO mice lived normally to adult-
hood, showing no apparent phenotypes, sug-
gesting that intrinsic apoptosis is dispensable
for normal organ development and homeosta-
sis. Other forms of cell death may be redundant
with intrinsic apoptosis, although neither ex-
trinsic apoptosis, necroptosis, pyroptosis, or au-
tophagy were up-regulated in the TKO mice
during development.

Biochemical demonstration for the effector
role of BOK involved discovery of BOK’s degra-
dation machinery, the ER-associated degrada-
tion (ERAD) gp78 E3 ligase proteasome system
(Llambi et al. 2016). Accordingly, proteasome
inhibition stabilized and up-regulated BOK pro-
tein (Llambi et al. 2016; Zheng et al. 2018), and
this could also be achieved through a combina-
tion of certain ER stress drugs (tunicamycin +
PERK inhibitors), which dismantle the gp78
E3 ligase complex, inhibition of VCP AAA-
ATPase, which blocks substrate shuttling from
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Figure 6. Dormant BOK is intrinsically unstable. Overlay of chicken and human BOK structures reveals three
possible arrangements of the regulatory groove region between helices a:3-a4. Additionally, human BOK has
instability at the o1 helix, through G35, whose mutation to alanine significantly inhibits membrane association
and permeabilization, and blocks BAK- and BAX-independent apoptosis.

the E3 ligase to the proteasome, or simply
through knockdown of the gp78 subunits or
VCP (Llambi et al. 2016). Unlike BAX and
BAK, BOK interactions with BCL-2 family pro-
teins appear to be weak and functionally fruit-
less. Mitochondrial poration and apoptosis in-
duction by BOK does not appear to be enhanced
by direct activators such as activated BID, or
inhibited by antiapoptotic BCL-2 proteins
(Llambi et al. 2016; Zheng et al. 2018). However,
it should be noted that some studies report that
activated BID or BID BH3 can promote BOK
activity in liposome settings (Fernandez-Mar-
rero et al. 2017; Zheng et al. 2018). Also, it has
been reported that antiapoptotic BCL-2 pro-
teins may modulate BOK activity through their
TM region (Stehle et al. 2018), more so than
through their canonical grooves, which have
weak affinity for BOK BH3 (Kp ~ pm) (Llambi
et al. 2016).

Structural studies of apoBOK-ATM suggest
that dormant BOK is poised for spontaneous
conformational changes, captured by NMR
spectroscopy and X-ray crystallography, provid-
ing a potential explanation for BOK poration of
the mitochondrial membrane in the absence of
direct activation (Fig. 6; Ke et al. 2018; Zheng
et al. 2018). Like BAX and BAK, BOK can form
large pores that are likely toroidal in nature

(Fernandez-Marrero et al. 2017). Our under-
standing of BOK function and activity lags far
behind that of BAX and BAK. There is much
that remains to be discovered, for example, what
are the contributions of BOK to apoptosis in
cells in which BAX and/or BAK are present,
and does BOK permeabilize membranes in a
similar fashion to BAX and BAK. This is likely
an area in which significant discoveries will be
made in the field in coming years.

FUTURE DIRECTIONS

Mitochondrial poration is moving into a new
structure-function phase with the pursuit of
high-resolution structural details for effector
conformations and complexes at membranes.
Targets include structures for effectors alone
and posttranslationally modified effector: acti-
vator complexes, effector:antiapoptotic com-
plexes, and effector:VDAC complexes. Innova-
tive multipronged high-resolution approaches
and careful functional probing will be necessary
to achieve these aims, and these efforts will fuel
the discovery of new chemical probes for apo-
ptosis research. We anticipate a rich decade
ahead in effector research as we delve deeper
into mechanisms underlying the key event of
MOM permeabilization.
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