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Abstract

The pore-forming BCL-2 family proteins are effectors of mitochondrial poration in apoptosis 

initiation. Two atypical effectors—BOK and truncated BID (tBID)—join the canonical effectors 

BAK and BAX. Gene knockout revealed developmental phenotypes in the absence the effectors, 

supporting their roles in vivo. During apoptosis effectors are activated and change shape from 

dormant monomers to dynamic oligomers that associate with and permeabilize mitochondria. BID 

is activated by proteolysis, BOK accumulates on inhibition of its degradation by the E3 ligase 

gp78, while BAK and BAX undergo direct activation by BH3-only initiators, autoactivation, and 

crossactivation. Except tBID, effector oligomers on the mitochondria appear as arcs and rings 

in super-resolution microscopy images. The BH3-in-groove dimers of BAK and BAX, the tBID 

monomers, and uncharacterized BOK species are the putative building blocks of apoptotic pores. 

Effectors interact with lipids and bilayers but the mechanism of membrane poration remains 

elusive. I discuss effector-mediated mitochondrial poration.
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The pore-forming, effector BCL-2 family proteins BAK, BAX, BOK, and tBID initiate apoptosis 

through mitochondrial outer membrane permeabilization (MOMP). They are activated by 

upstream death stimuli leading to their proteolysis, protein-protein and protein-lipid interactions, 

and synthesis, ultimately adopting elusive oligomeric conformations of apoptotic pores via active 

putative monomers and dimers.
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Introduction

Mitochondrial poration by the BCL-2 family proteins initiates apoptosis through the release 

of caspase activators and has been one of the most exciting, highly debated and poorly 

understood processes in apoptosis research [1-11]. This process is dysregulated in diseases 

including cancer and has been the main target of drugs designed to initiate apoptosis in 

tumors [12-17]. Mitochondrial poration is executed by the effector BCL-2 family proteins 

through an elusive mechanism in part because we have not been able to isolate and 

investigate the apoptotic pores, which have a heterogenous proteolipic nature [1,18]. The 

canonical BCL-2 family effectors, BAK and BAX, are the most extensively studied pore-

forming proteins [2]. During apoptosis BAK and BAX are regulated through specific protein-

protein interactions with the upstream pro-apoptotic BH3-only initiators, which activate the 

Moldoveanu Page 2

Bioessays. Author manuscript; available in PMC 2023 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



effectors directly and indirectly, and with the downstream pro-survival guardians, which 

recognize and sequester the activated effectors and the BH3-only initiators (Figure 1) 
[19]. In contrast, BOK porates mitochondria largely independent of the canonical BCL-2 

proteins, its pro-apoptotic function being downregulated through degradation by the gp78 

E3 ligase associated with the ER protein degradation system, as well as by sequestration 

in complex with the IP3 receptors [2,10]. On the other hand, BID has been historically 

studied extensively as a potent direct agonist of BAK and BAX and an antagonist of the 

BCL-2 pro-survival proteins [20], and although others have likened it to a BAX-like BH3 

protein [21], only recently its pore-forming potential was definitively established [22]. In this 

problems and paradigms essay I present the evidence supporting the function of BCL-2 

effectors reassessing the dogma of how the mitochondrial outer membrane is permeabilized 

mechanistically. The mitochondrial inner membrane is also permeabilized during apoptosis, 

but it comes secondary to the outer membrane permeabilization and apoptosis initiation and 

will not be discussed in any detail here because we know very little about it although it may 

have broad implications in inflammatory signaling via mitochondrial DNA sensing if and 

when apoptotic caspases are inhibited [23-26].

Innovative genetic models at the forefront of delineating hidden effector 

functions

The genetic mouse models of BCL-2 family proteins have been instrumental in elucidating 

and validating their functions. Analyses of the developmental phenotypes of knockout mice 

and of the apoptotic sensitivity of cultured cells isolated from these mice have been the 

gold standard in the field. However, the redundancy of the BCL-2 family proteins has 

made it challenging to genetically interrogate their roles in vivo. Single knockout (KO) of 

pro-death BCL-2 family genes have not revealed many developmental phenotypes (reviewed 

in [3,9,10]). Nonetheless, careful analyses of double, triple, and quadruple knockout mice 

in Andreas Strasser lab revealed the critical importance of the canonical effector BAK 

and BAX in embryogenesis (Table 1). The BAK BAX DKO mice had the most severe 

phenotypes among any pro-death BCL-2 family DKO mice [27,28]. Combined the deletions 

of three effectors in BAK BAX BOK TKO mice [28] and four effectors in BAK BAX 

BOK BID QKO mice [29] marginally albeit significantly exacerbated the already severe 

phenotypes of BAK BAX DKO mice [28]. Most DKO, TKO, and QKO mice did not 

survive to weaning but a few of them remarkably survived to adulthood, which suggests that 

mitochondrial apoptosis is not strictly required for the normal development of most organs. 

It remains unclear what compensatory mechanisms, such as proliferation, differentiation 

or cell death are responsible for balancing the lack of mitochondrial apoptosis under 

these conditions but neither extrinsic apoptosis, necroptosis, pyroptosis, or autophagy 

were upregulated in the DKO and TKO mice [28]. Moreover, not even inactivation of 

extrinsic and intrinsic apoptosis and necroptosis in Caspase-8 MLKL BOK BAK BAX 

quintuple knockout mice prevented some of the mice from surviving healthy into adulthood 
[30]. Anatomical examination of these mice revealed multiple midline defects visible at 

E18.5 including spina bifida, exencephaly, omphalocele, and multiple skeletal abnormalities 

(Table 1). Surprisingly, the QKO mice did not exhibit cleft abnormalities which were 

observed in many of the DKO and TKO mice. Many of the newborn mice died from an 
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inability to suckle due to cleft palate (DKO and TKO), or aortic arch defects of which 

the most severe kind would prevent blood oxygenation on birth (this is a fully penetrant 

phenotype in QKOs). Noteworthy, and possibly further exacerbating the developmental 

cardiovascular defects, BID has recently been implicated in the homeostatic mitochondrial 

cristae remodeling and the BID KO mice exhibited abnormal left ventricular mitochondrial 

cristae making these mice more susceptible to acute cardiac stress induced damage by 

Epinephrine [31]. The QKO fetuses also exhibited extra tissue compared to TKO and DKO 

fetuses in multiple regions of the head, forebrain, nasal cavity, and tongue, anomalies in the 

eye, and kidney development defects, and abnormalities in urogenital tract development of 

female fetuses [29].

Some of the abnormalities observed in the BAK BAX DKO mice were also phenocopied in 

knockouts of their upstream BCL-2 family activators. The canonical effectors are potently 

activated through direct activation by the BH3-only proteins including BID, BIM, PUMA, 

NOXA and others (described later; Figure 1). Supporting the essential regulation by these 

BH3-only proteins, the BID BIM PUMA TKO mice and the BID BIM PUMA NOXA 

QKO mice were born at a lower Mendelian ratio than expected, exhibited persistence of 

interdigital webs and imperforated vaginas and were resistant to γ-irradiation in many 

organs and certain immune cell types [32,33], overall mimicking some of the phenotypes of 

BAK BAX DKO mice [27,28].

For more than two decades mouse embryonic fibroblasts (MEFs) generated from the BAK 

BAX DKO mice have served as the gold standard in functional investigation of BCL-2 

family mediated mitochondrial apoptosis [27,34]. These cells are resistant to mitochondrial 

apoptosis inducers including DNA damaging agents, radiation, chemotherapeutics and 

withdrawal of nutrients and growth factors (Table 1). For mechanistic studies WT BAK 

or BAX and their mutants have been reintroduced into BAK BAX DKO MEFs to investigate 

their contributions in apoptosis initiation through mitochondrial poration. Nonetheless, these 

cells have limitations when assessing effector regulation because they express most of the 

BCL-2 family protein repertoire making it impossible to pinpoint exactly how effector 

mutations may affect their interactome and which proteins participate in the direct regulation 

of effectors. To circumvent this problem, an innovative tour-de-force genetic engineering 

milestone was achieved in the Xu Luo lab who developed a derivative of the HCT116 

human colon tumor cell line in which 17 BCL-2 family genes where inactivated through 

a combination of TALEN, CRISPR and nickase genomic targeting (Table 1) [35]. The 

generation of the BCL2allKO HCT116 cell line (AKO) is commendable as it has become 

the new gold standard in the field for investigations of the apoptotic role of BCL-2 proteins 

on a clean genetic background; examples of its use follow.

BID, the prototypical BH3-only initiator is also an atypical effector

BID was originally discovered as a BCL-2 and BAX interacting pro-apoptotic ligand 

exhibiting homology with the BCL-2 family only in the BH3 region, which mediates the 

interactions with its binding partners [36]. Shortly thereafter, BID was characterized as the 

nexus between the extrinsic apoptotic pathway, mediated by death receptor (DR) signaling 

(e.g. Fas, TNF, TRAIL), and the mitochondrial pathway [37,38] (Figure 2A). On DR ligation 
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activation of the initiator Caspase-8 promotes BID cleavage in the loop proceeding the BH3 

region. Compared to uncleaved BID, cleaved BID targeted mitochondria readily via the 

C-terminal domain, interacted with BCL-xL with stronger affinity, induced the release of 

cytochrome (cyt) c from purified mitochondria at ~100× lower concentration, and promoted 

much better the hallmarks of mitochondrial apoptosis. Mutagenesis in the BH3 region 

attenuated cyt c release but not mitochondrial targeting [37,38]. It was intriguing at that time 

that complete cyt c release from purified HL-60 mitochondria was induced by subnanomolar 

doses of cleaved BID at ~500× lower concentration than required for release by BAX in 

that system, presumably by activating endogenous BAK [38]. Although the NMR structures 

of BID revealed a folded globular domain similar to folded BCL-2 proteins [39,40] (Figure 

2B), the field had assumed that BID acts primarily as a BH3-only initiator (described 

later). Phylogenetically, BID is closely related to the folded BCL-2 effectors and guardians 

aligning with the BH3-only initiators, which are intrinsically disordered proteins, only in the 

BH3 region [41]. It could be speculated that BID diverged from a common folded BCL-2 

homolog who lost the BH1, BH2, and BH4 motifs during evolution, whereas the BH3-only 

initiators probably arose from convergent evolution suggesting multiple origins of BH3-only 

proteins.

Access to the AKO cell line has enabled researchers to directly ask if BID is an effector? 

This question was definitively answered in a recent comprehensive study spearheaded in the 

Ana Garcia-Saez lab [22]. The authors transiently expressed several BCL-2 family proteins 

in AKO cells revealing their potency in triggering apoptosis based on analysis of known 

apoptotic hallmarks including release of SMAC and cyt c from mitochondria, changes in 

nuclear morphology, PARP cleavage, disruption of plasma membrane integrity, and caspase 

activation. Evaluation of the effector-mediated apoptotic response in AKO cells revealed that 

BAK and BAX were most potent (~90% cell death), tBID exhibited intermediate potency 

(~65% cell death) while BID was weakly active (~25% cell death), whereas BIM, BCL-xL, 

or empty vector did not induce apoptosis (~10% baseline cell death). Co-expression of 

tBID + BCL-xL (a potent inhibitor of tBID) largely inhibited apoptosis of AKO cells, 

similar to tBID expression in BAK BAX DKO HCT116 cells which have a full repertoire 

of pro-survival BCL-2 proteins. Additionally, the combination of BH3 mimetics ABT-737 

+ S63845, which inhibits all pro-survival BCL-2 proteins but A1, enabled apoptosis in 

BAK BAX DKO HCT116 cells ectopically expressing tBID. Moreover, TRAIL-induced 

endogenous BID cleavage to tBID in these cells synergized with ABT-737 + S63845 in 

apoptosis induction supporting a role of tBID as effector in a genetic background lacking 

the canonical effectors yet otherwise containing a complete BCL-2 family repertoire, albeit 

neutralized with the BH3 mimetics. As control these stimuli did not induce apoptosis when 

BID was silenced or knocked out in these cells. Furthermore, tBID also synergized with 

ABT-737 + S63845 in mediating the release of mitochondrial DNA in BAK BAX DKO 

U2OS cells, as previously shown for BAX and BAK [23,24], by enabling mitochondrial inner 

membrane permeabilization. The authors demonstrated the effector role of tBID independent 

of BAK and BAX in two pathological circumstances: 1) during Shigella infection when BID 

is cleaved by calpain to tBID [42], which released mitochondrial SMAC in WT (or BAK 

BAX DKO) HeLa cells surprisingly with undetectable BAK and BAX activation; it remains 

unclear why BAK and/or BAX are not activated by tBID but one could speculate that they 
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are post-translationally modified and somehow inactivated; and 2) in TRAIL-sensitive and 

BH3 mimetics-insensitive Nalm6 pre-B acute lymphoblasic leukemia cells lacking BAX 

and expressing the inactive BAK mutant R127H, TRAIL-induced BID cleavage to tBID 

promoted robust apoptosis in the absence of detectable BAK activation.

Mechanistically, tBID-mediated apoptosis, surprisingly, did not require the BH3 region helix 

α3 as mutations in this region known to block apoptosis mediated by direct activation of the 

canonical effectors had minimal effect on apoptosis compared to WT tBID (G94E, Figures 

2B-2D). Instead, missense mutations in the central helix α6 found in cancer patients in the 

TCGA database showed an attenuated ability of tBID to induce apoptosis in AKO cells 

compared to WT tBID, although these mutants were similarly able to induce apoptosis 

in BID KO MEFs confirming that the WT BH3 region in the cancer mutants and WT 

tBID promotes apoptosis through BAK and BAX similarly. Remarkably a double mutant in 

helix α6, K157A/K158A substantially incapacitated tBID-induced apoptosis in AKO cells 

further supporting the role of helix α6 in mitochondrial permeabilization by tBID (Figures 

2B-2D). Based on this study, it is now possible to uncouple through mutagenesis the effector 

role of tBID from its role as a BH3-only initiator, raising the possibility of further testing 

the two functions in vivo independently through knock-in strategies. Importantly, although 

the WT BH3 region is not required for apoptosis initiation by tBID, its tight binding 

to pro-survival BCL-2 proteins blocks the effector function of tBID and therefore BH3 

mimetics are necessary to relieve this block. On the other hand, upstream upregulation 

of additional BH3-only proteins through standard inducers of the intrinsic pathway (e.g. 

DNA damage) could also antagonize the pro-survival BCL-2 proteins and thus tBID could 

contribute additively to mitochondrial poration as effector alongside BAK and BAX during 

circumstances where tBID is in fact produced. One such scenario involves death receptor-

mediated apoptosis during which Caspase-8, but not executioner caspases, cleave BID to 

tBID [43]. tBID can also be generated through BID cleavage by granzyme B during cytotoxic 

T lymphocyte-mediated cell death [44,45] and by calpains [46,47] (Figure 2A-2B).

How does BID directly mediate mitochondrial poration?

Super-resolution stimulated emission depletion (STED) confocal microscopy revealed 

tBID as largely homogenously distributed in the mitochondria of AKO cells [22] rather 

than forming large supramolecular assemblies produced by BAX [23,24,48,49], BAK [50], 

and BOK [51] (described later, Figures 3, 4). However, the resolution of this technique 

precludes definitive conclusions on the extent of tBID oligomerization at the mitochondria 

or if tBID oligomers are made up of the putative dimer or monomer building blocks. 

Therefore, the interpretation is that tBID permeabilizes the outer mitochondrial membranes 

by concentration-dependent accumulated crowding rather than forming the proteolipidic 

pores with arc-like and ring-like features proposed for the other effectors (described later).

Early studies in the context of BAK-expressing mitochondria have indicated that tBID 

BH3 region is not required for mitochondrial targeting, as constructs comprising helices 

α4-α8 targeted mitochondria as readily as tBID; the BH3 region was required for cyt c 
release through physical interaction with BAK inducing conformational changes and BAK 

oligomerization; this study set the stage for tBID’s role as a BH3-only initiator (Figure 2C) 
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[52]. tBID could bind cardiolipin (CL), phosphatidylethanolamine, and phosphatidic acid in 

liposomes whereas full-length BID was largely resistant to binding these lipids, and the 

α4-α6 region, named cardiolipid binding domain (CBD) was identified as the most minimal 

region for the interaction with lipids [53]. Interestingly, CBD, which does not contain the 

BH3 region, is almost as potent as tBID in mediating cyt c release from isolated HeLa 

mitochondria and both have been shown to promote leakage of liposomes [54] as well as 

induce lipid mixing in liposomes (Figure 2C) [55]. Interestingly, both tBID and CBD were 

similarly potent in releasing 10 kDa fluorescent dextran (FD) from liposomes pretreated 

with octylglucoside activated BAX, which partially permeabilized those liposomes, but only 

tBID could promote release of the 70 kDa FD, whereas CBD + BAX did not release FDs 
[56]. Importantly, BIM could not promote FD release in this system, suggesting that tBID 

and CBD cooperate with BAX to form large membrane openings through BH3-dependent 

and BH3-independent mechanisms [56]. These observations suggest that tBID and CBD may 

act on opened bilayers to possibly open them further (Figure 2C).

The structure of tBID has been probed in solution, detergent micelles, and bilayers by 

electron paramagnetic resonance (EPR), NMR, and circular dichroism (CD) spectroscopies. 

These biophysical studies of tBID in the absence of micelles or membranes have suggested 

that although it maintains α-helical secondary structure detected by CD spectroscopy 

and is monomeric according to size exclusion chromatography (SEC), it exhibits features 

of dynamically disordered proteins by NMR indicating that the protein adopts multiple 

conformations and undergoes dynamic conformational exchange in the intermediate range 

of the microsecond to millisecond NMR time scale [57]. Moreover, tBID adopts a 

micelle or bilayer-associated α-helical conformation with none of the helices adopting a 

transmembrane conformation, inserted perpendicular to the bilayer, rather being parallel to 

and embedded in the bilayer (Figure 2D) [58-60]. In isolation, helices α6 and α7 of BID 

have been proposed to act as hairpins and insert perpendicular to the bilayer (Figure 2C) 
[61]. All tBID helices maintain secondary structure in micelles but they no longer contact 

one another as in the apo full-length BID structure suggesting that the protein restructures 

its interhelical hydrophobic core by partitioning it within the acyl chain phase of the micelle 
[60]. tBID readily associated with detergent micelles, liposomes, or mitochondria remaining 

monomeric and it dissociated from the N-terminal fragment in the context of cleaved BID 

(also known as N/C BID), but the N-terminal fragment did not interact with these media 

according to biochemical and EPR investigations [62]. In contrast, others have detected tBID 

dimers in liposomes of mitochondrial lipid composition in fluorescence resonance energy 

transfer studies with tBID labeled with fluorophores, but that investigation has not disrupted 

dimerization by mutagenesis to provide mechanistic insights [63]. At the mitochondria, tBID 

interaction with the membrane is enabled by Mtch2, an outer mitochondrial membrane 

insertase of helical proteins [64], which facilitated the conformational changes of tBID to the 

open extended conformation embedded in membranes [65,66], although the exact mechanism 

is not yet defined. In contrast, mitochondrial-associated hexokinases 1 and 2 promoted 

tBID retrotranslocation, or recycling from the mitochondria into the cytosol, inhibiting 

death receptor apoptosis in a process that requires interactions with the tBID BH3 region, 

but the exact mechanism of retrotranslocation is unclear [67]. Remarkably, tBID has also 

been shown to form lipoparticles (nanodiscs) with an average diameter of 11.5-nm (at 20:1 
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lipid:protein ratio) exhibiting a broad size distribution according to SEC analysis, and with 

a composition of 56% α-helix and 6% β-strand based on CD spectroscopy and with only 

30−40% of the amide signals out of 136-residues visible in 1H/15N 2D NMR suggesting 

intrinsic disorder in the NMR visible regions as well as slow tumbling of the tBID remainder 

in the lipoprotein assembly [68]. It is possible that tBID interacts with opened bilayers by 

lining the apoptotic pore lumen like the apoptotic dimers of BAK and BAX (described 

below). Overall, monomeric tBID likely destabilizes membranes by insertion in an open 

loosely associated helical conformation that can further organize with additional nearby 

monomers to generate and line the pore lumen forming heterogeneous proteolipidic pores 

that remain to be characterized structurally (Figure 2E, Table 2).

The emergence of BOK as a non-canonical effector

BOK is the least studied effector originally identified in a yeast two-hybrid screen using 

MCL-1 as bait and through mining the GeneBank database for cDNAs homologous 

to BCL-2 proteins [69,70]. BOK interacts poorly with other BCL-2 proteins and its 

overexpression induces apoptosis [69-71]. BOK has been characterized as one of the 

ligands of the IP3 receptor interacting network and has been shown to regulate the 

ER–mitochondria contact sites and possibly Ca2+ signaling between the two organelles 
[72-75]. The role of BOK in apoptosis has been difficult to pinpoint because it is not 

activated in conventional ways, for instance by activating the mitochondrial pathway with 

intrinsic apoptotic inducers dependent on BAK or BAX mediated apoptosis [10,51]. Instead, 

endogenous BOK is activated by inhibition of the machinery that regulates its degradation, 

the gp78 E3 ligase of the ER-associated degradation system (gp78, VCP, proteasome), 

which degrades proteins from inside the ER but also cytosolic proteins (Figure 3A) [76]. 

Interfering with this system pharmacologically or genetically stabilized BOK which targeted 

and permeabilized the mitochondria unassisted by other BCL-2 family proteins and in 

the absence of BAK and BAX [76]. Proteasome inhibition induced potent BOK-mediated 

apoptosis in BAK BAX DKO MEFs stably expressing BOK using a Tet-On strategy that 

promotes BOK accumulation over time [76,77]. Similarly, when transiently overexpressed 

in AKO cells, BAK BAX DKO cells, or BAK BAX DKO cells expressing BCL-2, BOK 

induced apoptosis supporting its effector role independent of BAK and BAX or of inhibition 

by BCL-2 [51]. Purified FL-BOK is weakly active compared to BOK-ΔTM, which exhibits 

activity comparable to that of BH3 ligand-activated BAK and BAX in mitochondria and 

liposome permeabilization assays [51,76,77]. Mild heating, previously shown to activate BAX 

and BAK [78], triggered significant activation of FL-BOK to promote similar extent of 

permeabilization observed with BOK-ΔTM, suggesting that the TM region is inhibitory [51]. 

It is unclear how FL-BOK is intrinsically inhibited but it likely adopts a similar structure to 

that of BAX with the C-terminal TM region bound to the hydrophobic groove which keeps 

BAX cytosolic and dormant (see Figure 4A) [79]. Structural investigations of BOK-ΔTM 

have revealed conformational heterogeneity between helices α2 and α4 in the hydrophobic 

groove exhibiting a short helix α3 [77,80] as well as conformational dynamics in this region 

and the α1 helix detected by NMR [77], overall explaining BOK’s independence of BH3 

ligands for activation and that its intrinsic instability is a key feature enabling autoactivation 

at the mitochondria (Figure 3B). BOK is not inhibited by pro-survival BCL-2 proteins which 
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bind poorly BOK’s BH3 region but MCL-1’s TM region has been identified as a negative 

regulator of BOK by direct interaction with BOK’s TM, presumably in the lipid bilayer 

(Figure 1) [81].

BOK mediated mitochondrial poration

Upon inhibition of its degradation or through overexpression, BOK spontaneously targets 

and permeabilizes the mitochondria. Supporting the essential role of BOK’s TM in 

mitochondrial targeting, when transiently expressed in AKO cells BOK-ΔTM was largely 

cytosolic exhibiting no apoptotic activity whereas FL-BOK exhibited significant albeit 

half of the activity of BAX achieved on transient expression in these cells [51]. FL-BOK 

localized at the mitochondria and ER, and their contact sites. In contrast, the chimeric 

BOK protein with the BCL-xL TM replacing that of BOK, BOK-TMxL, was more potent 

in triggering apoptosis presumably by targeting the mitochondria better than FL-BOK. The 

lipid composition determines the efficiency of membrane permeabilization by BOK with 

maximal activity observed in vesicles rich in cardiolipin (phosphatidylcholine (PC):CL 8:2) 

compared to intermediate and low activity supported in vesicles with lipid composition 

resembling mitochondria or 100% PC, respectively [51]. At the mitochondria, BOK was 

visualized by STED microscopy and underwent oligomerization into ring-like structures, as 

described for BAK and BAX (Figure 3C, see below). Like BAK and BAX, BOK exhibited 

concentration-dependent oligomerization in supported lipid bilayers (SLBs) prepared from 

mixtures of PC:CL 8:2 liposomes and fluorescently labeled BOK-ΔTM. In SLBs BOK-ΔTM 

species range between 1 to 8 monomers with monomers and dimers predominating at high 

and low concentration, while higher order oligomers at the high concentration. Surprisingly, 

BOK did not exhibit exclusively an even number of monomers in the oligomers as described 

previously for BAX [82], but this could be also a consequence of different incubation times 

that may lead predominantly to dimer formation for BAX. It is unclear if BOK is similar to 

tBID, exhibiting activity as monomer, BAK and BAX, relying on active dimers, or whether 

it adopts a yet to be define multimeric active conformation. Like BAK and BAX, BOK 

forms a large single pore in PC:CL 8:2 liposomes visualized by negative staining EM; the 

pore lacks proteinaceous features produced by the gasdermin D pores in similar liposomes. 

Unlike the gasdermin D pores, which have been resolved at high resolution [83], we currently 

lack structures of the BOK pores or any of their active intermediates (Table 2).

BAK and BAX are directly activated by BH3-only initiators, autoactivated 

and crossactivated

BAK and BAX are dormant in non-apoptotic healthy cells being uniquely turned on by 

direct interactions with certain BH3-only initiators activated during apoptosis. Dormant 

BAK is constitutively targeted to the mitochondrial outer membrane via the TM with the 

folded soluble core facing the cytosol [84,85], while dormant BAX is localized in the cytosol 

with the TM region stably bound to the activation groove [79]. The BH3-only initiators 

BIM, PUMA, NOXA and possibly others are activated by upstream intrinsic cellular stress 

(e.g. DNA damage, ER stress, cytokine withdrawal), while tBID is generated extrinsically 

through BID proteolysis (described above), and together have been characterized as 
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promiscuous BAK and BAX activators [19,33,52,86-90]. BH3 activators engage the activation 

groove of effectors (delimited by helices α2-α5 and α8) [91-98] and potentially a non-

canonical trigger site located on the opposite face to the activation groove (defined by 

helices α1 and α6 and the α1-α2 loop in BAX) [99-102] (Figure 4A). Additionally, as 

active effectors undergo conformational changes in the presence of the outer mitochondrial 

membrane, they transiently expose their BH3 regions, which in the case of BAK act as 

potent effector activators in trans triggering nearby dormant BAK and BAX activation to 

amplify the activation signaling (Figure 4A) [97,103,104]. The structural basis of BAK direct 

activation and autoactivation in trans have revealed a common mechanism whereby BH3 

ligand binding to the activation groove destabilizes electrostatic contacts at the bottom 

of the groove thereby releasing the inhibitory helix α1 [97]. The BH3 activating ligands 

use hydrophobic residues to bind six pockets in the activation groove of BAK (numbered 

0-5) and form hydrogen bonds with residues on the periphery of the groove most notably 

mediated by R127 side chain (Figure 4A) [97]. Similar mechanisms also govern BAX 

activation as recently proposed [18], although activated BAX with exposed BH3 readily 

forms BH3-in-groove dimers rather than acting as activator in trans as shown in a recent 

study investigating effector autoactivation in isolated mitochondria controlled by effector 

activating antibodies [104]. It is conceivable that the role of BAX as effector activator could 

be more significant in cells, but these studies are nontrivial with the available tools.

The process of direct activation and autoactivation can be uncoupled through mutagenesis 

as demonstrated recently for BAK [97]. Mutants of BH3 residues that engage hydrophobic 

pockets 3 and 4 to autoactivate BAK in trans are resistant to autoactivation but they can be 

directly activated by BH3 ligands, albeit requiring a higher concentration (2-4×) compared 

to wildtype (WT) BAK to permeabilize membranes. Even mutants that affected direct 

activation and autoactivation because of their location in the activation groove could be 

activated by BH3 ligands engineered to bind more potently to this groove. Remarkably, 

even a BAK mutant (R127A), which does not bind the prototypical BID BH3 ligand, 

could be activated in vitro by a recently described novel small molecule BAK activator, 

SJ572946 [105]. In AKO cells R127A BAK is so severely defective, with signs of misfolding 

and degradation, that only the combination of SJ572946 + BID could activate it [105]. 

Importantly, all activation impaired BAK mutants can be expressed stably in AKO cells 

whereas WT BAK could not be expressed [97,105], as documented in a recent study also for 

WT BAX [67]. However, we identified a BAK mutant, V74A, that behaves like the wildtype 

BAK for all intents and purposes, and which can be stably expressed in AKO cells providing 

an unprecedented opportunity to investigate cellular BAK alone in the absence of the BCL-2 

family repertoire. This mutant was used to investigate autoactivation and direct activation 

by tBID and small molecules [97,105]. To our knowledge a similar mutant has not been 

characterized for BAX yet.

Nonetheless, the mutant R109D BAX is reported to auto-trigger and to uncouple BH3-in-

groove dimerization and autoactivation in trans, being very potent in activating BAK [104], 

i.e. to mediate crossactivation. Importantly, R109D BAX induced permeabilization of BAK 

KO mitochondria similar to WT BAX in “autoactivation mode” at higher doses (200 nM), 

yet only the mutant but not WT BAX can activate BAK in WT mitochondria [104]. On 

the other hand, BAK appears to be very potent in feed-forward activation of BAK and 
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BAX, leading to signal amplification [104]. Combined the mutagenesis and structural studies 

provide compelling evidence supporting the mechanisms of BAK and BAX activation 

through combination of direct activation, autoactivation in trans, and crossactivation (Figure 

4A) [97,104,105].

Mechanisms of BAK and BAX activation beyond the BH3-only initiators

Under certain conditions, documented in cultured cells, BAK and BAX are found 

sequestered by the pro-survival BCL-2 proteins, known as mode 2 binding, whereas mode 1 

refers to the sequestration of BH3-only protein by the pro-survival BCL-2 proteins (Figure 

1) [87,106]. The entire pool of effectors in each cell need not be found in mode 2, and a 

mixture of dormant and mode 2 effectors is usually observed as detected by proteolytic 

sensitivity which can distinguish between the two effector conformations [87,107]. Exactly 

how the conversion of the effectors to mode 2 conformation occurs is unclear but the 

effectors must present an open conformation with the BH3 region exposed for sequestration 

by the pro-survival BCL-2 proteins. Derepression of pro-survival BCL-2 proteins with 

inhibitors known as BH3 mimetics can induce robust apoptosis when effectors are present 

in mode 2. Remarkably, even when the eight known BH3-only proteins, BAD, BID, BIM, 

BMF, BIK, HRK, PUMA, and NOXA, were genetically inactivated in HCT116 (OctaKO 

HCT116) cells the BH3 mimetics induced robust apoptosis, which lead to the idea that the 

effectors are activated by the mitochondrial outer membrane [35,108]. It is documented that 

BAK and BAX are activated by sphingosine-1-phosphate and hexadecenal which cooperate 

with tBID, respectively [109,110], although the role of these lipids has not been reassessed in 

the AKO cells. Moreover, BAK and BAX are known to prefer CL in targeting membranes 

for efficient permeabilization [111,112]. One could speculate that in OctaKO HCT116 cells 

the effectors constitutively exhibit mode 2 complexes which are easily derepressed with 

BH3 mimetics. The effectors could be activated by proteins other than ‘canonical’ BH3-only 

initiators including p53 [113] and DRP1 [114], yet to be characterized proteins [115], lipids 
[11,110,116], uncharacterized metabolites, or may be sequestered in mode 2 via the inhibition 

of the E3 ubiquitin ligase MARCHF5/MITOL/RNF15, which prevents BAK’s mode 2 

complex formation by an unknown mechanism [117]. Taken together these observations 

suggest that we know relatively little about the regulation of BAK and BAX outside the 

BCL-2 family, including matters of their synthesis, turnover, and even retrotranslocation 
[118,119], besides a known interacting partner of BAK, the outer mitochondrial porin 

VDAC2, which has been implicated in BAK and BAX-mediate mitochondrial poration 

and BAX retrotranslocation in poorly understood ways [120-123]. Future investigations of 

genetically edited cell lines, such as the OctaKO and AKO HCT116 cells, will likely reveal 

new effector biology in these areas.

BAK and BAX dimerize for efficient mitochondrial poration

During apoptosis BAK and BAX undergo extensive conformational changes upon activation 

leading to major opening of the globular core. In the process three elements dissociate 

including the N-terminal helix α1 which becomes disordered [85,124], the α6-α8 helical latch 

which may exhibit an extended helical conformation [125], and the α2-α5 helical core which 

organizes into symmetric BH3-in-groove dimers with another nearby open effector (Figures 
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4B-4D) [98,126]. The α2-α5 BH3-in-groove dimers present an extensive hydrophobic face 

opposite from the intertwined hydrophilic activation grooves occupied by the amphipathic 

BH3 helices, thereby generating a massive amphipathic structure thought to be the building 

block of apoptotic pores [98,125,126]. The α2-α5 core spontaneously dimerizes on expression 

in E. coli [98,125-128]. The isolated BAK α2-α5 core dimer binds a variety of lipids that 

can be exchanged in the presence of detergents forming trimers of dimers (hexamers) 

or dimers of dimers (tetramers), both of which exhibit the hydrophobic faces buried at 

the center and interacting with the acyl chains of phospholipids, and with the polar head 

groups bound to hydrophilic residues on the periphery [127]. The phospholipid acyl chains 

are partially resolved in the crystal structure suggesting heterogeneity in their binding 

modes (Figure 4B). The α2-α5 core dimer of BAX was captured bound on the periphery 

of bicelles by NMR and structure-guided mutants of the lipid-binding interface inhibited 

membrane permeabilization [128], supporting the long-standing hypothesis of capping the 

bilayer pore lumen by these dimers proposed from double electron-electron resonance 

(DEER) EPR investigations (Figure 4C) [129]. The symmetric BH3-in-groove dimers have 

been validated biochemically and biophysically [130-133]. The apoptotic pores are believed 

to be heterogeneously made up of oligomers of dimers [134] that steadily grow during 

apoptosis, with the BAK pores growing slower than the BAX pores possibly through arc-like 

and ring-like intermediates (Figure 4D) [50]. Moreover, BAK and BAX co-assemble into 

the same supra-molecular structures [50]. The latch and the TM of effectors represent the 

points of contact and heterogeneity of dimer oligomers as indicated by crosslinking and 

DEER EPR investigations [129,133,135,136]. Nonetheless, the organization of the BAK and 

BAX apoptotic oligomers or the pores has not yet been elucidated structurally (Table 2). It 

is unclear how the apoptotic pores are initiated to grow but the recent structure of the α2-α8 

dimer of BAK induced in C12E9 detergent micelles has suggested that the purified dimer 

is very potent in permeabilization of liposomes and mitochondria supporting a role of this 

dimer in initiating the permeabilization (Figure 4B) [125].

Conclusions and open questions

Evaluation of apoptotic effectors reveals that they all undergo changes on activation from a 

globular closed conformation to an open membrane associated conformation. The progress 

in the field over the past five years has been remarkable with BID and BOK being rigorously 

and formally validated as effectors (Table 2). Intriguingly, even the pro-survival BCL-2 

family proteins have been implicated in pore formation when proteolytically processed. 

For instance caspase-3 proteolysis of BCL-2 [137] and BCL-xL [138] in their helix α1-α2 

loop during apoptosis produces tBID-like prodeath domains which amplify the prodeath 

signaling while mitigating the prosurvival response. Additionally, separase proteolytic 

processing of the N-terminus of helix α1 of MCL-1 during mitotic catastrophe promotes 

MCL-1 dimerization and mitochondrial poration in the absence of BAK and BAX [139]. 

These studies have ramification for our understanding the differences between prosurvival 

and prodeath folded BCL-2 proteins: the intact prosurvival BCL-2 family proteins are 

stable and do not undergo opening and conformational changes on binding BH3-only 

initiators as demonstrated for BAK and BAX; on the other hand, truncated prosurvival 

BCL-2 family proteins are highly destabilized possibly adopting tBID-like pore-forming 
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conformations. Future structural studies will elucidate the prodeath conformations of the 

truncated prosurvival BCL-2 family proteins. How membrane phospholipids, of which 

CL appears to be a key ingredient, or their metabolites contribute to efficient effector 

activation and membrane permeabilization remains incompletely defined. It is unknown if 

tBID or BOK form apoptotic homodimers as characterized for BAK and BAX, or how 

they oligomerize. Super-resolution microscopy has suggested that unlike BAK, BAX, and 

BOK, which aggregate into arcs and rings on the mitochondrial membrane, and which 

have been associated with lipid removal from support bilayers in atomic force microscopy 

studies, tBID exhibits homogenous mitochondrial distribution without gross oligomeric 

features. Apoptotic marker released from the mitochondria precede the detection of effector 

aggregates revealing a limitation of the live microscopy studies and suggesting that the 

early apoptotic pores could be more dynamic and less well defined than the arcs and rings 

that form later. Moreover, except for tBID, which was characterized in detergent micelles 

as an open α-helical monomer without a hydrophobic core, it is unknown how the open 

active effector monomers (un)fold or whether open monomers permeabilize membranes. 

Interestingly, BAX has been shown to permeabilize the membranes of nanodiscs as 

monomers in cryo-EM studies, but the resolution was too low to reveal structural insights 
[140,141]. Over the next five years I anticipate that the field will seek to reveal the 

structural bases of the pore initiation and the growth of effector oligomers into apoptotic 

pores. Additionally, the field will investigate the effector interactome mechanistically and 

structurally beyond the BCL-2 family proteins. Our mechanistic understanding will fuel 

the discovery and design of effector chemical probes with novel mechanisms of action and 

inform therapeutic design for targeting pathologies with dysregulated apoptosis.
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Abbreviations:

AKO BCL2allKO HCT116 cells with 17 BCL2 gene knock-out

cyt c cytochrome c

CL cardiolipin

CBD cardiolipid binding domain

PC phosphatidylcholine

DKO double knock-out

MEF mouse embryonic fibroblast

QKO quadruple knock-out
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TKO triple knock-out

STED Super-resolution stimulated emission depletion

DEER double electron-electron resonance

EPR electron paramagnetic resonance

CD circular dichroism

SEC size exclusion chromatography

SLBs supported lipid bilayers
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Figure 1. 
Canonical and non-canonical effector BCL-2 family proteins execute mitochondrial 

poration.

BH, BCL-2 homology region; TM, transmembrane region. We note that some BH3-only 

initiators may have C-terminal TMs [41] or outer mitochondrial membrane targeting 

sequences that do not insert as TM helices (e.g. BIM [142]) and therefore we did not annotate 

them as TM-containing.
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Figure 2. 
BID is a direct activator and non-canonical effector

A. Proteolytic cleavage activates BID.

B. Cartoon representation of apo BID structure.

C. Biochemical properties of BID constructs that revealed its role as direct activator and 

effector. ND, not determined.

D. Cartoon representation of LPPG micelle-associated tBID structure.

E. The tBID conformations at mitochondria are not fully defined but may act as monomer in 

the initiation of poration and lining the pore lumen.
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Figure 3. 
BOK is a non-canonical effector activated through protein synthesis and stabilization

A. The ERAD gp78 is a key E3 ligase that degrades BOK in conjunction with VCP 

and the proteasome, while the IP3 receptors (IP3R) act as a sink together downregulating 

BOK-mediated apoptosis.

B. BOK structural analyses have revealed protein dynamics and intrinsic instability as a 

driver to BOK autoactivation in mitochondrial poration in the absence of regulation by 

BCL-2 family proteins.

C. How BOK oligomerizes to porate mitochondria is unclear but arcs and rings have been 

observed in super-resolution microscopy.
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Figure 4. 
The canonical effectors BAK and BAX dimerize to porate mitochondria.

A. BAK and BAX are activated through cooperation between direct activation by BH3-only 

initiators, autoactivation, and crossactivation. Representative structures identify key residues 

implicated in BAK and BAX activation as described in the text. Mutations in the BAK 

BH3 (e.g. D83A) or BAK activation groove (e.g. R127A) impaired the ability of BAK 

to autoactivate but it did not block direct activation by BID BH3 or the small molecule 

SJ572946. These mutations are expected to affect BH3-in-groove dimerization downstream 

of activation. Mutation R109D in BAX activation groove turned BAX into a potent activator 

but apparently blocked its ability to permeabilize mitochondria.

B. BH3-in-groove BAK dimers may initiate poration by binding to lipids and inducing 

membrane curvature.

C. BH3-in-groove BAX dimers may line the lumen of the apoptotic pores.

D. Super-resolution microscopy indicated BAK and BAX oligomerization via arcs and rings 

intermediates during apoptosis.
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Table 1.

Summary of phenotypes of key gene knockout in mice and cell lines.

Knockout mice BAK/BAX
DKO

BAK/BAX/BOK
TKO

BAK/BAX/BOK/BID
QKO

Offsprings E18.5-E19 42/54/216 p=0.0695 39/58/232 p=0.0157 26/29.25/117 p=0.7

Offsprings weaning 10/56 /223 p<0.0001 20/194/776 p<0.0001 15/144/576 p<0.0001

Offsprings adulthood 4/69/277 p<0.0001 6/173/692 p<0.0001 10/124/498 p<0.0001

Midline defects

Cleft palate ✓ ✓✓✓ X

Spina bifida ✓ ✓ ✓

Exencephaly/omphalocele ✓ ✓✓ ✓✓

Skeletal abnormalities ✓ ✓✓ ✓✓✓

Aortic arch defects ✓ ✓✓ ✓✓✓

Abnormal tissue growth ✓ ✓ ✓✓

Cell lines BAK/BAK DKO
MEF

BCL2allKO (AKO)
HCT116

Resistance

DNA damage ✓✓✓ ✓✓✓

Radiation ✓✓✓ ✓✓✓

Chemotherapy ✓✓✓ ✓✓✓

Nutrient withdrawal ✓✓✓ ✓✓✓

Growth factor withdrawal ✓✓✓ ✓✓✓

Mouse offspring phenotypes were adapted from references [28,29]. The number of offsprings and p values are represented as observed/expected/
total and corresponding p value. One or more check marks indicate phenotype occurrence and exacerbated phenotype, respectively, and the cross 
mark indicates lack of phenotype.
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Table 2.

Similarities, differences, and missing aspects of mitochondrial poration by BCL-2 family effectors.

Effectors BAK BAX BOK tBID

Activators
BH3-only initiators

Sphingosine metabolites
BAK

BH3-only initiators
Sphingosine metabolites

BAK
p53

DRP-1

Synthesis
Heating

Degradation inhibition

Caspase-8
Granzyme B

Calpains
Mtch2

Inhibitors Guardians
MARCHF5

Guardians Gp78/VCP/proteasome
IP3R

MCL-1

Guardians

Lipid preference CL CL CL CL

Building block BH3-in-groove dimers BH3-in-groove dimers ? Monomers

SRM/AFM structures Lines, arcs, rings Lines, arcs, rings Lines, arcs, rings ?

Pore initiation Dimer Dimer? ? Monomer

Pore lumen lining Yes, dimer Yes, dimer ? Yes, monomer?

Pore structure ? ? ? ?

SRM, super resolution microscopy; AFM, atomic force microscopy.

Bioessays. Author manuscript; available in PMC 2023 March 01.


	Abstract
	Graphical Abstract
	Introduction
	Innovative genetic models at the forefront of delineating hidden effector functions
	BID, the prototypical BH3-only initiator is also an atypical effector
	How does BID directly mediate mitochondrial poration?
	The emergence of BOK as a non-canonical effector
	BOK mediated mitochondrial poration
	BAK and BAX are directly activated by BH3-only initiators, autoactivated and crossactivated
	Mechanisms of BAK and BAX activation beyond the BH3-only initiators
	BAK and BAX dimerize for efficient mitochondrial poration
	Conclusions and open questions
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Table 1.
	Table 2.

