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Abstract 

Apoptotic pore formation by the BCL-2 executioners BAX and BAK at the mitochondrial 

outer membrane represents the decisive step of intrinsic apoptosis. This process is 

accompanied by extensive mitochondrial fragmentation mediated by the dynamin-like 

protein DRP1, which colocalizes with BAX on mitochondria during apoptosis. Following 

outer membrane permeabilization, mitochondrial inner membrane extrusion and 

permeabilization allows the release of mitochondrial DNA into the cytosol, which can 

trigger inflammatory signaling. However, the mechanism by which BAX and BAK 

assemble to form apoptotic pores, the molecular basis and functional consequences of 

the apoptotic interplay of BAX and DRP1, as well as the processes underlying 

mitochondrial inner membrane extrusion and permeabilization, remain obscure. 

Here, we reveal a direct physical interaction between BAX and DRP1 that is enhanced 

during apoptosis. Complex formation between BAX and DRP1 occurs specifically in 

the membrane environment, requires the N-terminal region of BAX, and promotes the 

membrane-remodeling activity of both proteins. Forced dimerization of BAX and DRP1 

is sufficient to trigger their activation and mitochondrial translocation, inducing 

mitochondrial fragmentation and permeabilization in the absence of canonical 

apoptotic triggers. These findings identify DRP1 as a noncanonical, direct activator of 

BAX through physical engagement with its N-terminal region. 

We further uncover that BAX and BAK exhibit distinct properties of apoptotic pore 

formation. BAK oligomerizes with faster kinetics into smaller structures than BAX, and 

nucleates and accelerates BAX assembly into oligomers that continue to grow during 

apoptosis. Both proteins co-assemble into the same apoptotic pores, where their 

relative abundance determines pore growth rates and the relative kinetics of 

mitochondrial content release, specifically of the mitochondrial DNA. This cooperative 

mechanism modulates the activation of the cGAS/STING pathway, linking apoptotic 

pore formation to inflammatory signaling. 

In addition, we developed a multimodal super-resolution approach, termed CorreLative 

Oligomerization STED Electron (CLOSE) microscopy, which enables the correlative 
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assessment of the stoichiometry of individual protein complexes and their nanoscale 

structural assembly, as well as alterations in the underlying membrane ultrastructure. 

Using CLOSE, we characterize the oligomeric state and nanoscale structural 

organization of BAK within individual apoptotic pores in relation to the mitochondrial 

membrane ultrastructure. We find that the geometry of the outer membrane opening 

defines the spatial arrangement of BAK assemblies and that mechanical forces drive 

inner membrane extrusion through the apoptotic pore. Conversely, the inner 

membrane exerts forces on the outer membrane, promoting further pore expansion. 

These results demonstrate mechanical coupling between mitochondrial membranes 

that governs apoptotic pore growth and provide a biophysical framework for inner 

membrane extrusion, defining the structural organization of the apoptotic pore.  

Together, our findings identify DRP1 as a noncanonical activator of BAX and uncover 

fundamental mechanistic principles of apoptotic pore formation by BAX and BAK. We 

propose a multimodal model in which cooperative BAX/BAK oligomerization nucleates 

pore opening and expansion through an oligomerization-dependent process. Once the 

apoptotic pore reaches a critical diameter, inner membrane extrusion and membrane 

mechanics drive further pore growth, thereby coupling outer and inner membrane 

permeabilization and modulating downstream immune signaling.  
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Zusammenfassung  

Die Bildung apoptotischer Poren durch die BCL-2-Exekutorproteine BAX und BAK in 

der äußeren Mitochondrienmembran stellt den zentralen Regulationsschritt der 

intrinsischen Apoptose dar. Dieser Prozess geht mit einer ausgeprägten 

Fragmentierung des mitochondrialen Netzwerks einher, die durch die dynamin-

ähnliche GTPase DRP1 vermittelt wird. Im Verlauf der Apoptose werden sowohl BAX 

als auch DRP1 zu den Mitochondrien rekrutiert, wo beide Proteine in sogenannten 

apoptotischen Foci kolokalisieren. Nachdem die äußere Mitochondrienmembran durch 

die Bildung apoptotischer Poren permeabilisiert wurde, ermöglicht die Ausstülpung und 

anschließende Permeabilisierung der inneren Mitochondrienmembran die Freisetzung 

von mitochondrialer DNA in das Zytosol, wodurch Entzündungssignalwege aktiviert 

werden können. Trotz der signifikanten Bedeutung dieser Prozesse während der 

Apoptose sind der molekulare Mechanismus der Porenbildung durch BAX und BAK, 

die funktionellen Folgen der Wechselwirkung von BAX mit DRP1 sowie die 

mechanistische Grundlage der Ausstülpung und Permeabilisierung der inneren 

Mitochondrienmembran noch weitgehend unverstanden.  

In dieser Arbeit zeigen wir, dass BAX eine direkte molekulare Interaktion mit DRP1 

eingeht, die während der Apoptose verstärkt wird. Diese Interaktion ist 

membranabhängig und erfordert die N-terminale Region von BAX. Eine erzwungene 

Dimerisierung beider Proteine reicht aus, um deren Aktivierung und mitochondriale 

Translokation auszulösen. Dies führt zu einer Fragmentierung und Permeabilisierung 

der Mitochondrien, wodurch auch in Abwesenheit kanonischer Apoptoseauslöser 

Apoptose induziert wird. Auf Grundlage dieser Ergebnisse identifizieren wir DRP1 als 

einen nichtkanonischen, direkten Aktivator von BAX durch eine direkte, molekulare 

Interaktion mit dessen N-terminaler Region. 

Diese Arbeit enthüllt darüber hinaus, dass sich BAX und BAK in der Art und Weise, wie 

sie Poren bilden, grundlegend unterscheiden. BAK oligomerisiert schneller und bildet 

kleinere Strukturen als BAX. Zudem initiiert und beschleunigt BAK die Bildung von 

BAX-Oligomeren, die während der Apoptose stetig weiterwachsen. Beide Proteine 

reichern sich gemeinsam in denselben apoptotischen Poren an, wobei ihr relatives 
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Verhältnis sowohl die Wachstumsrate der Poren als auch die Kinetik der Freisetzung 

des mitochondrialen Inhalts, insbesondere der mitochondrialen DNA, bestimmt. Dieser 

kooperative Regulationsmechanismus moduliert die Aktivierung des cGAS/STING-

Signalwegs und verbindet damit die Bildung apoptotischer Poren funktionell mit 

zellulären Entzündungsreaktionen. 

Im Rahmen dieser Arbeit wurde zudem die CLOSE-Mikroskopie entwickelt: ein 

multimodales, hochauflösendes mikroskopisches Verfahren zur Charakterisierung des 

oligomeren Zustands von BAK und seiner nanoskaligen strukturellen Organisation 

innerhalb einzelner apoptotischer Poren. Mithilfe dieses Verfahrens konnte festgestellt 

werden, dass die Geometrie der Öffnung der äußeren Mitochondrienmembran die 

räumliche Anordnung von BAK bestimmt. Darüber hinaus konnte demonstriert werden, 

dass mechanische Kräfte den Austritt der inneren Mitochondrienmembran durch die 

apoptotische Pore antreiben, während die sich auswölbende innere Membran 

wiederum Kräfte auf die äußere Membran ausübt, die das weitere Porenwachstum 

fördern. Diese Daten belegen eine mechanische Kopplung zwischen der inneren und 

äußeren mitochondrialen Membran, die die Dynamik des Porenwachstums 

maßgeblich steuert. Ergänzend wird ein biophysikalisches Modell der Ausstülpung der 

inneren Membran vorgestellt, das die strukturelle Organisation apoptotischer Poren 

erklärt. 

Zusammenfassend identifiziert diese Arbeit DRP1 als nichtkanonischen Aktivator von 

BAX und erweitert das mechanistische Verständnis der Porenbildung durch BAX und 

BAK während der intrinsischen Apoptose. Auf Basis der Ergebnisse wird ein 

multimodales Modell der Regulation apoptotischer Poren vorgeschlagen: Die 

kooperative Oligomerisierung von BAX und BAK initiiert zunächst die Öffnung der Pore 

in der mitochondrialen Außenmembran und treibt deren allmähliche Ausdehnung 

voran. Sobald die Pore einen kritischen Durchmesser erreicht hat, bestimmt die 

Ausstülpung der inneren Membran durch mechanische Rückkopplung das weitere 

Wachstum der Pore. Auf diese Weise sind die Permeabilisierung beider Membranen 

und die nachgeschaltete Immunantwort funktionell gekoppelt.  



 12 

List of Publications and Manuscripts included in this study 

Published Articles  

1. “DRP1 interacts directly with BAX to induce its activation and apoptosis” 

 

Authors:  

Andreas Jenner, Aida Peña‐Blanco*, Raquel Salvador‐Gallego*, Begoña 

Ugarte‐Uribe*, Cristiana Zollo*, Tariq Ganief, Jan Bierlmeier, Markus Mund, 

Jason E Lee, Jonas Ries, Dirk Schwarzer, Boris Macek, and Ana J Garcia‐Saez 

*equal contribution 

 

Published in: 

The EMBO Journal, Vol. 41, No. 8, on April 19, 2022,  

Published online on Jan. 13, 2022, https://doi.org/10.15252/embj.2021108587 

 

Attached in Appendix section 1.1 

 

2. “The interplay between BAX and BAK tunes apoptotic pore growth to 

control mitochondrial-DNA-mediated inflammation” 

 

Authors:  

Katia Cosentino*, Vanessa Hertlein*, Andreas Jenner*, Timo Dellmann, Milos 

Gojkovic, Aida Peña-Blanco, Shashank Dadsena, Noel Wajngarten, John S.H. 

Danial, Jervis V. Thevathasan, Markus Mund, Jonas Ries, and Ana J. Garcia-

Saez 

*equal contribution 

 

Published in: 

Molecular Cell, Vol. 82, Issue 5, on March 03, 2022,  

Published online on Feb. 03, 2022, https://doi.org/10.1016/j.molcel.2022.01.008 

 

Attached in Appendix section 1.2 

  

https://doi.org/10.15252/embj.2021108587
https://doi.org/10.1016/j.molcel.2022.01.008


 13 

Submitted Manuscripts 

1. “Mechanical forces drive mitochondrial matrix extrusion and apoptotic 

pore growth” 

 

Authors:  

Andreas Jenner, Timo Dellmann, Hyuntae Kim, David Gomez, Cristiana Zollo, 

Jürgen Köfinger, Katrin Seidel, Felix Gaedke, Astrid Schauss, Gerhard 

Hummer, Ana J. Garcia-Saez 

 

Submitted to: 

Nature on May 12, 2025 

Published on BioRxiv on May, 13, 2025, 

https://doi.org/10.1101/2025.05.12.653510 

 

Attached in Appendix section 2.1  

https://doi.org/10.1101/2025.05.12.653510


 14 

Statement on Author Contributions 

Published Articles  

1. “DRP1 interacts directly with BAX to induce its activation and apoptosis” 

In this accepted publication, the candidate is the first author out of 13. 

He contributed about 10 percent to the study's scientific conceptual 

development. His primary contributions were to experimental implementation, 

accounting for approximately half of the data generation. These contributions 

included methodological development, execution of key experiments, 

visualization, and formal data analysis. He contributed about 45% to the analysis 

and interpretation of the data and played a central role in the mechanistic 

evaluation of the results. He was involved in the critical revision and scientific 

editing of the manuscript (approximately 5%). 

His contributions were essential to the experimental validation and mechanistic 

characterization of the direct molecular interaction between DRP1 and BAX, as 

well as to establishing its functional relevance in apoptosis. 

 

2. “The interplay between BAX and BAK tunes apoptotic pore growth to 

control mitochondrial-DNA-mediated inflammation” 

In this accepted publication, the candidate is shared first author among 13 

authors. 

He contributed about 20% to the study's scientific conceptual framework and 

participated in designing the research strategy. His experimental contribution 

amounted to about 30% of the generated data. This included substantial 

methodological development, cellular stoichiometry experiments, recruitment 

assays, STING pathway analyses, and STED microscopy. The candidate 

contributed about 30% to the analysis and interpretation of the data, especially 

by integrating structural and functional datasets into a coherent mechanistic 

model. He contributed about 10% to writing the manuscript, including co-

authoring key sections and critically revising it. 



 15 

His work was especially significant in cellular stoichiometry analysis and in 

establishing the functional relationships among apoptotic pore growth, 

mitochondrial DNA release, and activation of the cGAS/STING inflammatory 

signaling pathway. 

Submitted Manuscripts 

1. “Mechanical forces drive mitochondrial matrix extrusion and apoptotic 

pore growth” 

In this study, the candidate is the first author among eleven authors.  

He contributed approximately 40% to the project's scientific conceptual 

development. He played a central role in developing the core hypothesis and 

the mechanistic framework underlying the study. His main contribution was 

extensive experimental and methodological work, which accounted for about 

70% of the generated data. This work included developing and implementing 

CLOSE microscopy, executing experiments, quantitatively analyzing 

stoichiometry and structural data, and integrating multiscale imaging data. The 

candidate contributed approximately 70% to the analysis and interpretation of 

the data. He played a leading role in developing the membrane mechanical 

model that explains pore growth and mitochondrial matrix extrusion. He 

contributed approximately 50% to the preparation of the manuscript, including 

drafting. 

His contributions were essential to the nanoscale structural characterization of 

BAK assemblies and to the development of the biophysical framework 

describing mechanically driven apoptotic pore expansion.  



 16 

Introduction  

Apoptosis – a form of regulated cell death  

Apoptosis is a fundamental and highly conserved form of regulated cell death essential 

for embryonic development, tissue homeostasis, and removal of damaged or 

dysfunctional cells. It was first recognized by Kerr, Wyllie, and Currie in 1972 as a 

morphologically and mechanistically ‘programmed’ process, characterized by 

controlled cellular self-destruction and distinct from lytic types of cell death, such as 

accidental or regulated necrosis (Elmore, 2007; Kerr et al., 1972). Morphologically, 

apoptotic cells undergo characteristic changes including cell shrinkage, chromatin 

condensation (pyknosis), nuclear fragmentation (karyorrhexis), membrane blebbing, 

and fragmentation into membrane-bound apoptotic bodies, which are rapidly engulfed 

by phagocytes, thereby preventing the leakage of intracellular contents (Kerr et al., 

1972; Taylor et al., 2008). Biochemically, apoptosis is driven by the activation of 

caspases, a family of cysteine-aspartyl proteases. Based on their functional role, 

caspases are categorized into initiator and executioner caspases. Initiator caspases 

such as caspases-2, -8, and -9 are apical in the apoptosis pathway, where they function 

to detect and integrate upstream death signals. Upon activation, they activate 

executioner caspases, including caspases-3, -6, and -7, which catalyze the systemic 

dismantling of cellular components, including DNA fragmentation and breakdown of 

key structural proteins, causing the characteristic phenotypic changes of apoptosis 

(Galluzzi et al., 2018; Nicholson, 1999; Tait and Green, 2010).    

Evolutionary studies have revealed that the core regulatory components and signaling 

events of apoptosis are conserved across metazoans, from nematodes and flies to 

mammals, underscoring its ancient evolutionary origin as a cell-fate program. Genetic 

disposition for orthologues of mammalian apoptosis regulators is found, for example, 

in both C. elegans and D. melanogaster, underscoring the high degree of conservation 

of the pathway (Bender et al., 2012; Fuchs and Steller, 2011; Krasovec et al., 2024; 

Lee et al., 2011; Metzstein et al., 1998). 



 17 

Functionally, apoptosis is indispensable during embryogenesis for morphogenetic 

processes such as digit separation, neural tube closure, and sculpting of organ 

structures (Fuchs and Steller, 2011; Jacobson et al., 1997; Lindsten et al., 2000). In 

adult tissues, apoptosis is crucial for maintaining equilibrium in cell numbers within 

proliferative systems, such as the hematopoietic and epithelial compartments, and for 

immune homeostasis by depleting autoreactive lymphocytes and attenuating immune 

responses (Elmore, 2007; Nagata and Tanaka, 2017). Apoptosis acts as a 

quality-control mechanism, selectively removing cells with irreparable genomic 

damage, oncogenic transformation, or intracellular infection to preserve tissue integrity 

and organismal health (Elmore, 2007; Galluzzi et al., 2018; Reed, 1999).  

The initiation of apoptosis can be triggered by diverse intracellular or extracellular cues, 

transduced via either the extrinsic (death receptor) or intrinsic (mitochondrial, see 

Mitochondrial apoptosis) pathways. These distinct but interconnected signaling 

pathways converge on the activation of executioner caspases to ensure the controlled 

dismantling of the cell (Galluzzi et al., 2018; Lossi, 2022). Tight regulation is essential, 

as insufficient apoptosis allows genetically unstable or autoreactive cells to survive, 

promoting tumorigenesis or autoimmune disease. Conversely, excessive or 

inappropriate apoptosis contributes to degenerative, ischemic, and certain infectious 

diseases. Thus, the balance, timing, and localization of apoptosis are crucial 

determinants of tissue homeostasis and pathology, making its core machinery a focal 

point of therapeutic exploration in cancer, neurodegeneration, autoimmunity, and 

beyond (Adams and Cory, 2007; Mattson, 2000; Moujalled et al., 2021; Singh et al., 

2019) 

The role of Mitochondria  

In mammalian cells, mitochondria serve as dual‐function organelles that sustain 

cellular life through oxidative phosphorylation, intermediate biosynthetic metabolism, 

and the regulation of calcium homeostasis and redox balance (Duchen, 2004). At the 

same time, they actively govern cell death decisions as critical signaling hubs for 

intrinsic apoptosis, acting as both sensors and executioners of intracellular stress 

signals (Bock and Tait, 2019; Tait and Green, 2010). Their involvement reflects an 
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evolutionary origin as endosymbiotic α-proteobacteria that established a mutualistic 

relationship within ancestral eukaryotic cells more than 1.5 billion years ago (Dyall et 

al., 2004; Gray, 2012; Roger et al., 2017; Sagan, 1967; Sicheritz-Pontén et al., 1998). 

Mitochondria are double-membrane organelles composed of the mitochondrial outer 

membrane (MOM) and the highly folded mitochondrial inner membrane (MIM), both 

characterized by specific lipid compositions and permeabilities. The MOM acts as a 

semi-permeable barrier to the cytosol, mediates inter- and intraorganellar 

communication via membrane contact sites, and facilitates the exchange of proteins, 

metabolites, lipids, and ions with the cytosol and other cellular compartments (Chandel, 

2014; Eisenberg-Bord and Schuldiner, 2017a, 2017b; Gellerich et al., 2000; Marchi et 

al., 2017). The MIM possesses highly restricted permeability and is critical for 

maintaining the proton gradient that gives rise to the mitochondrial transmembrane 

potential, required for oxidative phosphorylation, and for phospholipid biosynthesis 

(Frey et al., 2002; Kühlbrandt, 2015; Tatsuta and Langer, 2017; Zhao et al., 2019). 

While the MOM is mainly rich in phosphatidylcholine, phosphatidylethanolamine, and 

phosphatidylinositol, the MIM is enriched in non-bilayer-forming lipids such as 

cardiolipin (CL), due to the bacterial ancestry (Ardail et al., 1990; Colbeau et al., 1971; 

De Kroon et al., 1997; Hovius et al., 1993). Structurally, the MIM contains highly folded 

invaginations, named cristae, which harbor the mitochondrial oxidative phosphorylation 

system (Frey et al., 2002; Kühlbrandt, 2015; Palade, 1953; Sjöstrand, 1953). The 

mitochondrial matrix fulfills essential functions, including the assembly of iron-sulfur 

clusters and the tricarboxylic acid (TCA) cycle (Cardenas-Rodriguez et al., 2018; Lill 

and Lill, 2020; Mailloux et al., 2007; Martínez-Reyes and Chandel, 2020). It also 

contains the mitochondrial DNA (mtDNA) and the transcriptional and translational 

machinery required for mitochondrial gene expression. During the symbiotic evolution 

of mitochondria and eukaryotic cells, the vast majority of the proto‐mitochondrial 

genome was transferred to the host nucleus, while the retained mtDNA only encodes 

for a subset of essential oxidative phosphorylation components (Mazunin et al., 2015). 

Consequently, nuclear-encoded mitochondrial proteins are imported into the individual 

mitochondrial compartments by specialized, well-regulated translocase complexes in 

the mitochondrial membranes (Wiedemann and Pfanner, 2017). 
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In mammalian cells, mitochondria have evolved into a highly dynamic network. The 

dynamics of this network are mediated by constant fusion and fission of the organelle 

and are essential for proper mitochondrial function, the proper segregation and 

transmission of mtDNA, and adaptation to cellular cues, such as alterations in 

metabolic state (Cantó, 2018; Giacomello et al., 2020; Joaquim and Escobar-

Henriques, 2020; Sabouny and Shutt, 2021; Tábara et al., 2024; Wai and Langer, 2016; 

Youle and Van Der Bliek, 2012). Mitochondrial dynamics are regulated by a finely tuned 

machinery of dynamin-related large GTPases, including dynamin-related protein 1 

(DRP1), which is responsible for mitochondrial fission, mitofusin 1 and 2 (MFN1/2), 

which mediate fusion of the MOM, and optic atrophy 1 (OPA1), which is responsible 

for MIM fusion and involved in regulating cristae ultrastructure (Tábara et al., 2024). 

This machinery is further modulated by post-translational modifications, including 

ubiquitylation, phosphorylation, sumoylation, and proteolytic processing in response to 

cellular triggers (Escobar-Henriques and Langer, 2014; Hofer and Wenz, 2014; 

MacVicar and Langer, 2016; Mishra and Chan, 2016). Mitochondrial plasticity is closely 

associated with mitochondrial biogenesis, degradation, and apoptosis regulation, and 

is therefore critical for cellular health, while its dysregulation is strongly linked to 

disease (Chan, 2020). 

Despite their intricate functional integration, mitochondria have retained structural, 

biochemical, and signaling characteristics from their bacterial origins, such as the CL-

rich MIM, which have been repurposed in apoptosis regulation, among other functions. 

Their bacterial evolutionary heritage and subsequent symbiotic integration have 

provided the molecular framework that enables mitochondria to function as platforms 

for apoptotic regulation and to tightly couple mitochondrial function to eukaryotic cell 

fate decisions. 

Mitochondrial apoptosis and MOMP 

Two distinct molecular signaling pathways mediate the execution of apoptosis (Lossi, 

2022): the ‘extrinsic’ or ‘death receptor’ pathway and the ‘intrinsic’ or ‘mitochondrial’ 

pathway. Extrinsic apoptosis is triggered by external factors via death receptors at the 

plasma membrane, such as Fas (also known as CD95), tumor necrosis factor (TNF), 
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and TNF-related apoptosis-inducing ligand (TRAIL) receptors. Upon binding their 

corresponding ligands, these receptors form a death-inducing signaling complex 

(DISC), which triggers the activation of initiator caspases, such as caspase-8, followed 

by the activation of effector caspases-3 and -7. Unlike the extrinsic pathway of 

apoptosis, the intrinsic apoptotic pathway is initiated by a variety of intracellular stress 

stimuli, including irreparable DNA damage, oncogene activation, cytoskeletal 

disruption, oxidative stress, and growth factor deprivation (Galluzzi et al., 2018; Lossi, 

2022). Such stress cues converge on mitochondria, specifically the MOM, where they 

trigger MOM permeabilization (MOMP), facilitated via the formation of the so-called 

apoptotic pore by pro-apoptotic effectors of the B-cell lymphoma-2 (BCL-2) protein 

family (Chipuk et al., 2006; Czabotar and Garcia-Saez, 2023; Peña-Blanco and García-

Sáez, 2018; Youle and Strasser, 2008), see The BCL-2 protein interactome). Apoptotic 

pore formation represents a decisive, rate-limiting step in apoptosis, as it physically 

breaches the outer membrane and allows the release of mitochondrial content such as 

cytochrome c (cyt c) into the cytosol, triggering downstream apoptosis execution. 

Cytosolic cyt c binds to apoptosis protease-activating factor-1 (APAF-1) in a 

dATP/ATP-dependent manner, inducing the oligomerization of APAF-1 into the 

~1.4 MDa heptameric apoptosome, which recruits and activates initiator caspase-9 

(Kim et al., 2005; Li et al., 1997; Riedl and Salvesen, 2007; Zou et al., 1997). Active 

caspase-9 subsequently cleaves and activates downstream executioner caspases-3 

and -7, triggering downstream apoptosis execution. Apoptotic pores in the MOM 

additionally allow the release of other intermembrane space factors such second 

mitochondria-derived activator of caspase (SMAC, also known as DIABLO) or the 

serine protease HtrA2 (also referred to as OMI) which bind to and antagonize inhibitor 

of apoptosis proteins (IAPs), thereby allowing rapid and efficient activation of caspases 

(Du et al., 2000; Hao and Mak, 2010; Suzuki et al., 2001; Verhagen et al., 2000). 

Additional proteins released from mitochondria during MOMP, such as 

apoptosis-inducing factor (AIF) and endonuclease G, may propagate 

caspase-independent death pathways, particularly in contexts where caspase 

activation is inhibited (Joza et al., 2001; Van Loo et al., 2001). Recent findings revealed 

that, in addition to classical apoptogenic proteins, the mtDNA can be released into the 
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cytosol through apoptotic pores (McArthur et al., 2018; Riley et al., 2018). Cytosolic 

mtDNA acts as a ligand for the cyclic GMP–AMP synthase (cGAS), triggering activation 

of the cGAS-stimulator of interferon genes (STING) signaling, which promotes an 

innate immune response characterized by the production of type I interferons. This 

inflammatory signaling is normally restrained by caspases, which cleave key 

components of pro-inflammatory pathways to suppress immune activation (Rongvaux 

et al., 2014; White et al., 2014). However, when caspase activity is reduced or inhibited, 

MOMP facilitates the activation of pro-inflammatory signaling responses. 

This underscores the pivotal role of mitochondrial apoptotic pore formation and MOMP, 

as well as subsequent mitochondrial alterations, in determining cell fate: cells that 

undergo MOMP inevitable die, even when caspase activation is inhibited, via 

alternative death mechanisms (Tait and Green, 2010, 2008). Accordingly, current 

models propose that caspases primarily function to limit MOMP-driven inflammation 

and accelerate the removal of dying cells, rather than to drive cell death execution 

(Rongvaux et al., 2014; White et al., 2014).  

The BCL-2 protein interactome 

The mitochondrial pathway of apoptosis and the execution of MOMP are tightly 

regulated by the BCL-2 proteins, a family of proteins evolutionarily and functionally 

conserved throughout a broad spectrum of metazoans (Aouacheria et al., 2013). This 

family is comprised of about 20 canonical members with specific pro- and anti-apoptotic 

functions, which form a complex regulatory network termed the ‘BCL-2 interactome’, 

that enables the integration of internal cellular stress signals to trigger rapid life or death 

decisions ((Galluzzi et al., 2018), reviewed in (Czabotar and Garcia-Saez, 2023; 

Jenner and Garcia-Saez, 2024)). Due to their pivotal role at this critical checkpoint, 

BCL-2 proteins are indispensable for developmental and cellular homeostasis and 

implicated in a broad spectrum of pathological conditions when dysregulated, including 

cancer, autoimmunity, and degenerative diseases (Czabotar and Garcia-Saez, 2023; 

Singh et al., 2019). The BCL-2 proteins are characterized by the presence of up to four 

BCL-2 homology (BH) domains, which mediate protein folding and interaction with 

other BCL-2 proteins (Lee et al., 2011; Popgeorgiev et al., 2020). Based on their 
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domain organization, structure, and functional role in the BCL-2 interactome, they are 

categorized into three groups. The ‘executioner’ BCL-2 proteins BCL-2-associated X 

protein (BAX) and BCL-2 homologous antagonist/killer (BAK) are the executors of 

apoptotic pore formation and thus direct mediators of MOMP. Executioners contain the 

BH-domains 1-3 and structurally adopt the so-called BCL-2 fold (see below). The pore-

forming family member BCL-2-related ovarian killer protein (BOK) is also classified as 

an executioner, yet remains considerably less understood than BAX and BAK, 

particularly with regard to its interactome and regulation (Shalaby et al., 2020). ‘Initiator’ 

BCL-2 proteins, including BH3-interacting domain death agonist (BID), BCL-2-

associated agonist of cell death (BAD), BCL-2-interacting mediator of cell death (BIM), 

p53 upregulated modulator of apoptosis (PUMA), and phorbol-12-myristate-13-

acetate-induced protein 1 (NOXA), are also referred to as BH3-only proteins as the 

majority of them contain only BH domain 3 and, except for their BH3 domain, are largely 

unstructured. The functional role of initiators is to sense cellular stresses and trigger 

executioner activation either directly (‘direct activators’) or indirectly by inhibiting the 

pro-survival role of guardian BCL-2 proteins (‘sensitizers’) (Dai et al., 2011; Hockings 

et al., 2015; Kim et al., 2009; Kuwana et al., 2005; Letai et al., 2002; Wei et al., 2000). 

BID is unusual among the initiator group as it also contains a BH4 domain, adopts the 

classical BCL-2 fold, and was recently shown to exhibit direct executioner function in 

addition to its role as initiator (Chou et al., 1999; Flores‐Romero et al., 2022; Kvansakul 

et al., 2008). The ‘guardian’ BCL-2 proteins, including BCL-2, B-cell lymphoma-extra 

large (BCL-XL), BCL-2-like protein 2 (BCL-W), induced myeloid leukemia cell 

differentiation protein (MCL-1), and BCL2A1, contain all four BH domains and adopt 

the BCL-2 fold. Functionally, they promote cell survival by sequestering both initiator 

and executioner BCL-2 proteins into inhibitory complexes and by promoting the retro-

translocation of executioners form the membrane to the cytosol (Billen et al., 2008; 

Czabotar and Garcia-Saez, 2023; Edlich et al., 2011; Jenner and Garcia-Saez, 2024).      

The dynamic and competitive network of homo- and heterotypic interactions among 

members of these three BCL-2 protein groups (i.e., the BCL-2 interactome) constitutes 

the central regulatory component of mitochondrial apoptosis. These interactions occur 

both in the cytosol and in the membrane-embedded context, particularly at the MOM, 
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where the local membrane environment, like lipid composition and curvature, 

modulates the binding hierarchy between family members (Bleicken et al., 2017; 

Czabotar and Garcia-Saez, 2023; García-Sáez et al., 2009). Central to this dynamic 

regulation is the globular, α-helical BCL-2 fold exhibited by all multi-domain BCL-2 

proteins in solution (Chou et al., 1999; Denisov et al., 2003; McDonnell et al., 1999; 

Muchmore et al., 1996; Petros et al., 2004, 2001; Suzuki et al., 2000). It is composed 

of two central, predominantly hydrophobic α-helices shielded by six to seven 

surrounding amphipathic α-helices of varying length and bears an intrinsic 

conformational instability, which allows for structural rearrangements associated with 

the activation of the BCL-2 proteins. This provides the perquisite for three main 

regulatory features: i) the central amphipathic region (α-helices 5 and 6), which, when 

exposed, can directly interact with membrane lipids and is essential for pore-forming 

activity, ii) a hydrophobic surface groove within the BCL-2 fold that can be occupied by 

a C-terminal membrane anchor (α-helix 9), which regulates the localization to lipid 

membranes, including the MOM, and iii) the BH3 domain located in α-helix 2, which is 

critical in mediating interaction between BCL-2 family members by binding to the 

hydrophobic surface groove. 

Upon cellular stress triggers, initiator BCL-2 proteins act as ‘BH3 donors’ to trigger the 

activation of apoptotic executioners and neutralize the anti-apoptotic role of guardians. 

Executioner activation involves opening the intrinsically unstable BCL-2 fold, initiated 

by the binding of an initiator BH3 domain to the executioner's hydrophobic groove. This 

interaction displaces the executioner's C-terminal membrane anchor, a process termed 

‘unlocking’, thereby enabling its insertion into the MOM (Czabotar & Garcia-Saez, 

2023). Unlocking further destabilizes the BCL-2 fold, leading to dissociation and 

unfolding of the N-terminal α-helix 1, exposure of the BH3 domain, and homo-

dimerization of the executioners via symmetric BH3-into-groove interactions. This 

stabilizes the open, active conformation and exposes the hydrophobic pore-forming 

region of the executioner, thereby promoting higher-order oligomerization and pore 

formation. Once activated, executioners can also serve as BH3 donors, driving the 

activation of additional executioners in a manner analogous to initiator-driven 
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activation. Guardian BCL-2 proteins act as ‘BH3 sinks’ as they bind BH3 domains of 

initiators or executioners but lack the ability to form pores (Billen et al., 2008) 

Differences in binding affinities among subsets of initiators, guardians, and 

executioners, together with distinct interaction hierarchies of complexes in solution 

compared to the membrane, give rise to a highly complex BCL-2 protein interaction 

network (Bleicken et al., 2017). Consequently, the function of BCL-2 proteins in 

apoptotic pore formation should be understood as the outcome of an integrated 

regulatory system, rather than attributed to individual proteins (reviewed in (Czabotar 

and Garcia-Saez, 2023)). 

Apoptotic pore formation by BAX and BAK  

The BCL-2 proteins BAX and BAK are considered the key executors of mitochondrial 

apoptosis as they directly mediate the formation of apoptotic pores. In healthy cells, 

BAX is predominantly cytosolic, whereas BAK is anchored to MOM via its C-terminal 

transmembrane domain, where it is maintained in its inactive conformation by binding 

to voltage-dependent anion-selective channel protein 2 (VDAC2) (Cheng et al., 2003; 

Lazarou et al., 2010; Suzuki et al., 2000). The cytosolic localization of BAX is explained 

by the accommodation of its transmembrane domain within its own hydrophobic 

surface groove, as well as its continuous removal from mitochondria through 

retrotranslocation, which is mediated by interactions with the guardian BCL-xL (Edlich 

et al., 2011; Garner et al., 2016; Robin et al., 2018; Suzuki et al., 2000). Upon 

activation, both BAX and BAK undergo a series major conformational rearrangements, 

including dissociation and unfolding of α-helix 1, exposure of the BH3 domain (α-helix 

2), and detachment of the core region (α-helices 2–5) from the latch region (α-helices 

6–8), a process termed ‘unlatching’ (Alsop et al., 2015; Bleicken et al., 2014; Cuconati 

et al., 2002; Czabotar et al., 2013; Dewson et al., 2008; Griffiths et al., 1999; Sandow 

et al., 2021; Weber et al., 2013). Consequently, the exposed BH3 domain engages 

neighboring executioners to form homo- or heterotypic dimers of BAX and BAK, and 

opening of the core region exposes hydrophobic surface patches (α-helices 4–5) and 

the pore-forming α-helices 5 and 6, resulting in direct interaction of BAX and BAK with 

MOM lipids (Czabotar et al., 2013; Dewson et al., 2012, 2008). Membrane insertion 
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and dimerization provide the molecular basis for higher-order oligomerization, which is 

tightly correlated with apoptotic pore formation (Birkinshaw et al., 2021; Cowan et al., 

2020; Subburaj et al., 2015) 

The toroidal nature of apoptotic pores 

The pores formed by BAX and BAK are toroidal, or protein-lipid pores (Basanez et al., 

1999; Basañez et al., 2002; García‐Sáez et al., 2006; Qian et al., 2008; Terrones et al., 

2004). In such pores, both proteins and lipids line the lumen, with the two membrane 

leaflets bending to form a highly curved, continuous surface at the pore edge. 

Consequently, the properties of toroidal pores are defined not only by the proteins 

involved but also by the biophysical characteristics of the membrane bilayer. 

Consistent with models of toroidal pore formation by α-helical proteins, estimations 

from experiments in model membranes suggest that the membrane insertion of BAX 

and BAK leads to local membrane thinning and an associated increase in membrane 

tension (Bleicken et al., 2018; Stephanie Bleicken et al., 2013; Cowan et al., 2020; 

Flores-Romero et al., 2020; García-Sáez et al., 2005; García‐Sáez et al., 2006; Lee et 

al., 2004). In these models, pore opening is predicted to occur once this tension 

exceeds a critical threshold. The resulting high curvature at the pore rim would 

generate energetically highly unfavorable lipid-packing defects, creating line tension 

that favors pore closure. BAX and BAK are thought to counteract this effect, 

presumably by superficially inserting α-helices into the lipid headgroup region to reduce 

the line tension and stabilize open pores (Bleicken et al., 2018, 2014; Stephaniel 

Bleicken et al., 2013; García-Sáez et al., 2007; Lee et al., 2004; Unsay et al., 2017). 

Importantly, these models are largely based on experiments in simplified membrane 

systems. Direct quantitative measurements of the relevant biophysical parameters in 

native mitochondrial membranes are still lacking. Consequently, the precise in situ 

mechanism of pore formation by BAX and BAK remain to be fully elucidated. 

Although the precise structural determinants remain unresolved, models have been 

proposed to explain how BAX and BAK dimers arrange at the pore edge. The ‘clamp 

model’ suggests a symmetric arrangement of dimers across the bilayer, with their 

transmembrane domains inserted anti-parallel from opposite sides of the membrane, 
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whereas  the ‘asymmetric model’ proposes that both transmembrane domains of a 

dimer insert in parallel from the outer leaflet (Bleicken et al., 2014; Mandal et al., 2016). 

However, the pronounced conformational flexibility of activated BAX and BAK has so 

far precluded discrimination between these models (Bleicken et al., 2018, 2014). 

After initial pore opening, further pore expansion involves higher-order oligomerization 

of BAX and BAK, which has been proposed to involve direct protein-protein interaction, 

membrane-mediated interactions, and linkage of dimers through lipid acyl chains 

(Cowan et al., 2020; Dewson et al., 2009; Reynwar et al., 2007; Uren et al., 2017). 

Notably, BAX and BAK oligomers lack a defined stoichiometry but assemble into 

multiple coexisting structures composed of dimer units (Dewson et al., 2008; Subburaj 

et al., 2015). At the supramolecular level, BAX has been shown to form complexes of 

varying size and geometry in the MOM, including line-, arc-, and ring-shaped 

assemblies, of which arcs and rings have been shown to form membrane pores 

(Salvador‐Gallego et al., 2016). In line with their toroidal nature, apoptotic pores are 

highly tunable in size. While small apoptotic pores are sufficient to release 

mitochondrial apoptotic factors into the cytosol, they expand with the progressive 

insertion of BAX and BAK into the membrane (Bleicken et al., 2018; Riley et al., 2018), 

reaching diameters of several hundred nanometers (Salvador‐Gallego et al., 2016; 

Schweighofer et al., 2024). 

Mitochondrial alterations in apoptosis  

In addition to and associated with apoptotic pore formation and MOMP, mitochondria 

undergo severe structural and functional alterations that modulate the efficiency and 

outcome of cell death (reviewed in (Cosentino and García-Sáez, 2014)). These include 

the transfer of lipids between mitochondria and other organelles, such as the 

endoplasmic reticulum (ER) (Hoppins and Nunnari, 2012), and between the MIM and 

MOM (Kagan et al., 2005). Of special importance is the enrichment of CL at the MOM, 

which has been linked to alterations in membrane curvature, the interaction with BCL-

2 proteins, and the release of apoptotic factors, thus further promoting apoptosis 

progression (Garcia Fernandez et al., 2002; Gonzalvez et al., 2005; Kagan et al., 2005; 

Lutter et al., 2001; Unsay et al., 2013). In addition, apoptotic pore formation and its 
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downstream consequences inevitably result in the loss of essential mitochondrial 

functions, including the regulation of calcium homeostasis and maintenance of the 

transmembrane potential necessary for oxidative phosphorylation, which is associated 

with swelling of the mitochondrial matrix (Green and Kroemer, 2004; Ricci et al., 2004; 

Scorrano et al., 2003; Vander Heiden et al., 1999; Wang, 2001). Furthermore, 

proteolytic processing and disruption of mitochondrial fusion GTPase optic atrophy 1 

(OPA1) oligomers during apoptosis destabilize the characteristic MIM cristae 

ultrastructure, a process termed cristae remodeling, causing the cristae junctions to 

open and the MIM to unfold. Apoptotic cristae remodeling also facilitates the complete 

release of cyt c, which is typically confined within the cristae folds (Cipolat et al., 2006; 

Frezza et al., 2006; Scorrano et al., 2002). Recent studies report an additional striking 

alteration of the mitochondrial ultrastructure, which is the permeabilization and 

extrusion of the MIM through apoptotic macropores formed by BAX and BAK in the 

MOM. MIM permeabilization (MIMP) enables the release of mitochondrial matrix 

macromolecules, such as mtDNA, into the cytosol (McArthur et al., 2018; Riley et al., 

2018), where they function as immunogenic triggers. Consequently, MIM extrusion and 

MIMP following MOMP can shift the generally immunologically silent consequences of 

apoptosis execution to inflammatory responses under conditions of low caspase 

activity (Rongvaux et al., 2014; White et al., 2014). This modulation directly affects the 

surrounding cellular microenvironment, which has critical implications for various 

disease pathologies (Heilig et al., 2023; Victorelli et al., 2023). However, the regulatory 

basis of apoptotic macropore formation at the molecular and structural levels, the 

mechanisms of MIM extrusion and MIMP, and the potential contributions of additional 

factors, such as mitochondrial membranes and interacting proteins, remain 

incompletely understood. 

The link between mitochondrial apoptosis and mitochondrial fission 

Another striking characteristic of apoptosis is the extensive fragmentation of the 

mitochondrial network. This phenomenon is a conserved feature of apoptotic cell 

death, even in species that do not involve MOMP, yet its mechanistic contribution to 

cell death remains poorly understood (Arnoult, 2007; Youle and Karbowski, 2005). 
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In healthy cells, mitochondrial fission is initiated by the recruitment of DRP1 to the MOM 

via adaptor proteins, including mitochondrial fission factor (MFF), the mitochondrial 

dynamics proteins of 49 and 51 kDa (MID49/MID51), and the mitochondrial fission 1 

protein (FIS1) (Losó n et al., 2013; Osellame et al., 2016; Palmer et al., 2013). DRP1 

oligomerizes into helical structures at mitochondria-ER contact sites (MERCs), which 

are associated with mtDNA replication and pre-constriction of mitochondria mediated 

by actin nucleation (Friedman et al., 2011; Fröhlich et al., 2013; Kalia et al., 2018; 

Korobova et al., 2013). Following DRP1 recruitment and constriction, the final step of 

mitochondrial division is governed by mitochondrial membrane tension and may 

involve other factors, such as dynamin 2 (Lee et al., 2016; Mahecic et al., 2021).  

During apoptosis, DRP1 mediates mitochondrial fragmentation and participates in 

cristae remodeling to facilitate cyt c release (Frank et al., 2001; Otera et al., 2016). 

Upon BAX and BAK activation, DRP1 is SUMOylated by the mitochondrial-anchored 

RING-finger containing protein MAPL, which stabilizes its oligomeric form at 

mitochondria. This, in turn, functionally stabilizes MERCs, which act as hotspots for 

mitochondrial fission, calcium flux, cristae remodeling, and cyt c release (Prudent et 

al., 2015). DRP1 colocalizes with BAX at apoptotic pores in the MOM, supporting the 

assumption of a functional interplay between the two proteins (Karbowski et al., 2002). 

Indeed, DRP1 has been shown to enhance BAX oligomerization by promoting negative 

membrane curvature in reconstituted systems in vitro (Montessuit et al., 2010). Despite 

these findings, the role of DRP1 in apoptosis remains controversial as mitochondrial 

fission and cyt c release can be uncoupled, and DRP1-deficient cells also undergo 

apoptosis, albeit with altered kinetics (Parone et al., 2006; Sheridan et al., 2008). Thus, 

although DRP1 clearly interfaces with apoptotic regulators such as BAX, the molecular 

mechanisms and functional significance of DRP1 in apoptosis execution remain 

unclear. 

Closing remarks 

Despite major advances in elucidating the regulatory principles of mitochondrial 

apoptosis, key mechanistic questions remain unresolved. While BAX and BAK are well 

established as the executioners of MOMP through the formation of toroidal apoptotic 
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pores, the mechanisms governing their activation, oligomerization, and pore growth at 

the MOM are increasingly recognized as multifactorial and tightly integrated with 

mitochondrial membrane dynamics. Recent findings show that apoptotic pores can 

expand to form large macropores that permit extrusion of the MIM, leading to MIMP 

and the release of matrix macromolecules, including mtDNA, thereby reshaping the 

immunological consequences of apoptosis. Yet, how these macropores evolve from 

initial BAX and BAK oligomers, the structural and biophysical determinants that govern 

pore expansion, and the spatial and temporal regulation of these processes remain 

incompletely understood. 

Further complexity arises from the interplay between mitochondrial dynamics and 

apoptosis. The fission GTPase DRP1 has emerged as a potential co-regulator of 

apoptotic pore formation, as it colocalizes with BAX and modulates membrane 

curvature, suggesting roles beyond mitochondrial division. However, the molecular 

requirements, regulatory control, and functional consequences of the BAX-DRP1 

interplay at mitochondria remain unresolved and highly controversial. 

In this study, we address these outstanding questions by dissecting the structural, 

molecular, and mechanistic basis of BAX- and BAK-mediated apoptotic pore formation, 

with a particular focus on the functional interplay between BAX and DRP1 and the 

mechanistic regulation governing apoptotic macropore formation and MIM extrusion.  
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Aims of the Study  

The overarching goal of this study is to elucidate the regulatory aspects and molecular 

determinants of mitochondrial apoptotic pore formation.  

First, we investigate the mechanistic interplay between the fission GTPase DRP1 and 

the executioner protein BAX, focusing on defining the molecular requirements, 

temporal regulation, and functional relevance of their interaction during apoptosis. By 

identifying how DRP1 influences BAX activation, we aim to clarify the contribution of 

mitochondrial dynamics machinery to mitochondrial apoptotic pore formation. 

Second, we characterize the cooperative behavior of the executioner proteins BAX and 

BAK to determine whether their functional redundancy masks distinct molecular 

regulatory differences. We assess their oligomerization kinetics, supramolecular 

assembly, and structural organization into apoptotic pore complexes at the single-

molecule level to identify a potential co-regulatory mechanism. 

Third, this study examines the kinetics of apoptotic pore growth and how the rate of 

pore expansion governs differential permeability to mitochondrial effector molecules. 

By linking pore growth dynamics to downstream signaling events, we aim to decipher 

how pore formation influences the immunological outcome of apoptosis, including 

inflammatory signaling driven by mitochondrial content release. 

Finally, we explore the consequences of apoptotic pore formation for mitochondrial 

architecture and membrane ultrastructure. This includes assessing how the biophysical 

properties of both the MIM and the MOM influence pore expansion, facilitate MIM 

extrusion, and ultimately determine cell fate.  

Together, these aims seek to provide a mechanistic and structural framework for 

understanding how BAX- and BAK-mediated apoptotic pore formation is regulated, 

how DRP1 contributes to apoptotic execution, and how the pore architecture dictates 

the downstream cellular and immunological consequences of apoptosis.  
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Summary of Results and Discussion  

1. The functional interplay between BAX and DRP1 in apoptosis  

Although extensive mitochondrial fragmentation mediated by DRP1 is a striking feature 

of apoptosis, and a connection between BAX and DRP1 was proposed based on their 

colocalization at apoptotic foci, the molecular basis and functional relevance of their 

interplay remain controversial. Previous studies failed to detect direct contacts between 

the two proteins and instead suggested that DRP1 influences BAX activity indirectly 

through its role in membrane remodeling (Montessuit et al., 2010). However, in this 

model, the possibility of a direct physical interaction between BAX and DRP1, as well 

as its implications for apoptosis execution, remains open to debate. (Estaquier and 

Arnoult, 2007; Karbowski et al., 2002; Parone et al., 2006; Sheridan et al., 2008). Using 

multiple complementary approaches in vitro and in cells, we now provide evidence that 

challenges this conception and demonstrate that BAX and DRP1 physically interact 

under several experimental conditions. 

1.1 BAX and DRP1 interact directly with each other in the membrane environment 

To gain detailed insights into the spatial organization of BAX and DRP1 during 

apoptosis, we used single-molecule localization microscopy (SMLM) to visualize both 

proteins in apoptotic cells. Our results demonstrate that BAX and DRP1 not only 

colocalize but are part of the same protein complex in mitochondria of apoptotic cells. 

Quantification of the distance between individual BAX and DRP1 molecules in these 

complexes revealed that they are less than 30 nm apart (Appendix 1.1 Figure 1A-B, D), 

which is the limit of resolution of this technique. The measured distance between BAX 

and DRP1 is comparable to the distance observed between individual DRP1 molecules 

in an oligomeric DRP1 complex (Appendix 1.1 Figure 1C). Considering that both BAX 

and DRP1 are known to form large structures at the supra-molecular level (Fröhlich et 

al., 2013; Große et al., 2016; Salvador‐Gallego et al., 2016), these results indicate that 

BAX and DRP1 may interact directly with each other. To validate this hypothesis, we 

utilized the dimerization-dependent fluorescent protein (ddFP) technique, a 

methodology that allows for the detection of direct protein interactions by the 

appearance of a fluorescent emission signal if the two tested components are less than 
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10 nm apart. Interestingly, the ddFP signal of BAX and DRP1 was negligible in healthy 

cells but became apparent as discrete mitochondrial foci upon apoptosis induction 

(Appendix 1.1 Figure 1E-G). These results were consistent across different cell types 

and apoptotic triggers (Appendix 1.1 Figure EV1) and demonstrate that BAX and DRP1 

physically interact directly with each other, and that this interaction is strongly enhanced 

during apoptosis. Additionally, we measured the temporal evolution of the interaction 

of BAX and DRP1 by ddFP signal during apoptosis and found that it is tightly correlated 

with MOMP, as indicated by the release of fluorescently labeled SMAC into the cytosol 

(Appendix 1.1 Figure 2A-B). This interaction is independent of downstream caspase 

activation and persists until cell death (Appendix 1.1 Figure 2B-C), suggesting that it 

temporally correlates with the regulatory event of apoptotic pore formation.  

These findings establish the association of BAX and DRP1 within the physiological 

cellular environment, particularly during apoptosis. However, they do not provide 

evidence to clarify whether this interaction is facilitated by direct binding between the 

two proteins or mediated through additional cellular factors. Thus, we employed 

fluorescence cross-correlation spectroscopy (FCCS) in a minimal reconstituted system 

to determine the individual molecular requirements for the interaction of BAX and 

DRP1. Notably, positive cross-correlation, and consequently the interaction between 

BAX and DRP1, was only detectable in the membrane of CL-containing giant 

unilamellar vesicles (GUVs) but not in solution (Appendix 1.1 Figures 3A-C and 

EV2A-B). This interaction was outcompeted by the addition of the activated BCL-2 

initiator tBID, which interacts with BAX, demonstrating the specificity of the BAX-DRP1 

interaction (Appendix 1.1 Figures 3C and EV2C). Our FCCS measurements 

additionally indicate a high binding affinity between BAX and DRP1, as we observed 

considerable complex formation at low membrane densities of both proteins 

(Appendix 1.1 Figure 3A-B). Our results demonstrating that BAX peptides interact with 

DRP1 in GUVs and cross-linking of BAX and DRP1 in large unilamellar vesicles 

(LUVs), followed by mass spectrometry (see below), provide additional evidence for 

BAX-DRP1 interaction specifically in the membrane environment in vitro. These results 

demonstrate that BAX and DRP1 interact directly in vitro and that the membrane 

environment is the sole additional requirement for their interaction. 
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The observation that the interaction between BAX and DRP1 depends on the 

membrane has important mechanistic implications. Both proteins adopt distinct 

oligomeric states and membrane-bound structural conformations compared to their 

soluble forms in the cytosol. Our results suggest that specifically the membrane-bound 

conformations of BAX and DRP1 provide the structural requirement necessary for their 

interaction. While DRP1 has been shown to assemble into helical oligomers on 

constricted lipid nanotubes (Fröhlich et al., 2013), the membrane-bound conformation 

of BAX remains poorly understood. It has been proposed that membrane insertion of 

BAX involves stable BAX dimers that further oligomerize into higher-order oligomeric 

complexes to mediate apoptotic pore formation (Czabotar et al., 2013; Hauseman et 

al., 2020; Lv et al., 2021; Salvador‐Gallego et al., 2016; Subburaj et al., 2015). A recent 

study by cryo-electron microscopy provides structural insights into the conformational 

arrangement of BAX oligomers (Zhang et al., 2025). This study proposes that BAX 

oligomers are composed of repeating units consisting of four BAX protomers arranged 

as dimers of asymmetric dimers. In this model, the α1 helix of BAX becomes 

disordered, while the core region (α2–α5) mediates protomer interaction via the 

classically described BH3-in-groove interface. The C-terminal region (α6–α9) adopts 

distinct conformations in the two protomer types, and the α9 helices drive end-to-end 

association of the repeating units, enabling the formation of line-, arc-, and ring-shaped 

assemblies. Importantly, these structural data were obtained in the absence of a 

membrane environment. Consequently, the resolved conformations may not fully 

reflect the native architecture of membrane-bound BAX oligomers. Due to the limitation 

of incomplete or low-resolution data, the membrane-bound structure of BAX remains 

debated. Although technically challenging, further structural investigation of the 

membrane-associated complexes of both BAX and DRP1 will be necessary to uncover 

the structural details of their association.    

1.2. The N-terminal region of BAX is required for the interaction with DRP1  

To decipher the interaction surfaces of BAX involved in interaction with DRP1, we used 

a BAX peptide array and quantified the ability of individual BAX peptides immobilized 

on GUVs to recruit fluorescently labeled DRP1 (Appendix 1.1 Figure 4A-B). We found 

that peptides derived from α-helices 2, 5, 7, and 9 of BAX can recruit DRP1 to the GUV 
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membrane (Appendix 1.1 Figure 4C-D). Additionally, crosslinking of BAX-DRP1 

complexes in LUVs, followed by mass spectrometry, revealed crosslinking sites in α-

helices 2 and 5 of BAX (Appendix 1.1 Figures 4E-F and EV3). To validate the relevance 

of these interaction surfaces for the interaction of BAX and DRP1 in cells during 

apoptosis, we applied the ddFP system with α-helix deletion and point mutation 

variants of BAX (Appendix 1.1 Figure 5A) and quantified their interaction with DRP1. 

Importantly, we found that deletion of the N-terminal region of BAX, specifically the 

residues 19-37 located in α-helix 1 and the loop between α-helices 1 and 2 of BAX, 

completely abolished the interaction with DRP1. While we observed reduced 

interaction, the deletion of α-helices 4 or 5 and the C-terminal region of BAX, which we 

identified in the peptide array, is not sufficient to disrupt the interaction with DRP1 in 

cells (Appendix 1.1 Figure 5B-D). As the BH3 domain of BAX (located in α-helix 2) 

plays a critical role in BAX activation and its interaction with the BCL-2 proteins 

(Czabotar et al., 2013; Gavathiotis et al., 2010; Wang et al., 1998; Westphal et al., 

2014), we tested whether it is also involved in the interaction with DRP1. However, 

except for the L63E point mutation, deletions or mutations in the BH3 domain of BAX 

did not cause significant changes in the interaction with DPR1 (Appendix 1.1 Figure 

5B-E). This indicates that the BH3 domain of BAX is not required for its interaction with 

DRP1. Together, these results suggest that, although the interaction with DRP1 

engages multiple BAX surfaces, it does not involve canonical interaction via the BH3 

domain but instead requires the N-terminal region of BAX. This finding aligns with the 

structural model of BAX oligomers, in which the α1 helix does not contribute to the 

formation of the core dimer interface, suggesting that the N-terminal region remains 

accessible for interaction with DRP1.  

1.3 The functional consequences of BAX-DRP1 interaction 

The direct interaction of BAX and DRP1 in membranes in vitro and their association at 

apoptotic foci in cells raises the question of whether they contribute to each other’s 

membrane recruitment or exert mutual functional influence. To address this, we 

examined how their interaction affects the membrane-remodeling activities of both 

proteins. The pore-forming activity of BAX, assessed by calcein release from LUVs and 

the influx of larger molecules such as cyt c (12.5 kDa) and the 104 kDa protein APC 
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into GUVs, was enhanced in the presence of DRP1 (Appendix 1.1 Figures 3D-E and 

EV2D). While the catalytic GTPase activity of DRP1 remained unaffected 

(Appendix 1.1 Figure EV2E), its membrane tethering activity, quantified by changes in 

the shape index of LUVs, increased in a concentration-dependent manner in the 

presence of BAX (Appendix 1.1 Figure 3F-G). These findings suggest that the 

interaction between BAX and DRP1 enhances the biochemical activities of both 

proteins, consistent with their functional roles in apoptosis. Beyond the previously 

proposed effects of both proteins on membrane remodeling (Montessuit et al., 2010), 

the involvement of the C-terminal membrane anchor of BAX in its association with 

DRP1 raises the possibility that DRP1 directly modulates the pore-forming activity of 

BAX, potentially influencing the architecture or stability of apoptotic pores. Conversely, 

the impact of BAX on the membrane remodeling activity of DRP1 aligns with the role 

of DRP1 in driving mitochondrial fragmentation during apoptosis and may depend on 

membrane-inserted regions of BAX that engage DRP1. 

To test whether BAX and DRP1 recruit each other to apoptotic foci, we visualized the 

kinetics of the accumulation of fluorescently labeled BAX and DRP1 in mitochondria 

upon apoptotic triggers. Despite the technical difficulty of detecting small, initial 

complexes due to limited sensitivity in detecting the dim signal, DRP1 complexes 

consistently appeared in mitochondria prior to BAX accumulation in the same foci 

(Appendix 1.1 Figure 6A). To assess the potential role of DRP1 in recruiting BAX to the 

mitochondrial membrane, we tested several functional DRP1 mutants for their 

interaction with BAX using the ddFP system. These included the catalytic dominant-

negative K38A, D221A, which inhibits higher-order oligomerization, R376E, which 

blocks DRP1 binding to MFF, and the monomeric K642E variant of DRP1, which we 

expressed in DRP1 KO cells. Interestingly, while these mutations caused alterations in 

mitochondrial morphology, none inhibited the interaction with BAX (Appendix 1.1 

Figure 5F-H). Except for the K38A mutant version of DRP1, these mutations caused a 

delay in the appearance of the ddFP signal. In line with the observation that the 

GTPase activity of DRP1 is not influenced by BAX, this suggests that membrane 

insertion, which is altered in these variants, and not the catalytic activity of DRP1, is 

the main requirement for BAX/DRP1 interaction.  
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Previous studies demonstrated that DRP1 is SUMOylated by MAPL to stabilize its 

oligomeric form at mitochondria during apoptosis (Prudent et al., 2015). We therefore 

tested whether MAPL-dependent SUMOylation is required for the interplay of BAX and 

DRP1. However, neither depletion of MAPL nor the SUMO-dead K557/560/569/571R 

mutant of DRP1 altered its interaction with BAX, as measured by the ddFP signal 

(Appendix 1.1 Figures 5F-H and EV4E-G). These findings indicate that the BAX-DRP1 

interaction occurs independently of DRP1 SUMOylation, suggesting that SUMOylation 

may instead occur downstream of their association. Notably, BAX accumulation in 

apoptotic complexes is independent of DRP1, as BAX forms complexes without DRP1, 

and its mitochondrial accumulation remains unchanged when DRP1 is depleted 

(Appendix 1.1 Figure 6B). Collectively, these findings suggest that DRP1 is recruited 

to mitochondrial apoptotic foci upstream of BAX, where the two proteins interact in the 

same complex, but DRP1 is not required for the translocation of BAX to mitochondria.  

Our findings clearly demonstrate that the interaction between BAX and DRP1 

modulates the membrane activity of both proteins in vitro. However, determining the 

functional relevance of this interaction during apoptosis has proven difficult. One key 

challenge is disentangling the direct influence of DRP1 on BAX activity from secondary 

effects, such as changes in mitochondrial morphology and homeostasis. Genetic 

manipulation of DRP1 inevitably perturbs mitochondrial dynamics, thereby affecting 

apoptotic sensitivity. The complexity is further amplified by the redundancy of the BCL-

2 family in regulating apoptosis, particularly among BH3-only proteins, which provide 

multiple alternative paths for BAX activation. To overcome these limitations, we 

implemented a chemically inducible protein dimerization system to artificially dimerize 

BAX and DRP1 in cells. Remarkably, induced dimerization of BAX and DRP1 in living 

cells triggered both proteins to translocate to mitochondrial oligomeric complexes 

resembling apoptotic foci (Appendix 1.1 Figures 6C and EV5A, F). This translocation 

was associated with profound remodeling of the mitochondrial network, including 

fragmentation and perinuclear collapse of mitochondria, and induced MOMP, as 

indicated by mitochondrial depolarization (Appendix 1.1 Figure 6D-F). Additionally, this 

process is accompanied by characteristic apoptotic hallmarks, including BAX 

activation, cyt c release, activation of executioner caspases, PARP cleavage, and cell 
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death (Appendix 1.1 Figure EV5G-K). Strikingly, BAX and DRP1 dimerization also 

triggered mitochondrial translocation, mitochondrial network remodeling, and 

mitochondrial depolarization in cells lacking all canonical BCL-2 initiator (BH3-only) 

proteins (Appendix 1.1 Figure 6J-K). In contrast, induced dimerization of DRP1 or BAX 

with itself, or the artificial targeting of BAX to the MOM by dimerization with TOM20, 

failed to cause the apoptotic hallmarks observed with dimerized BAX and DRP1, 

indicating that this effect is specific to the interaction of BAX and DRP1 (Appendix 1.1 

Figures 6G-I and EV5B-D). Collectively, these results demonstrate that forcing the 

interaction of BAX and DRP1 is sufficient to induce mitochondrial apoptosis in the 

complete absence of apoptotic triggers. This reveals an activating role for the 

interaction of DRP1 with BAX and raises the possibility that DRP1, despite lacking a 

BH3 domain, may substitute for or modulate the canonical BH3-dependent activation 

of BAX.  

1.4 The role of DPR1 as a non-canonical BAX activator  

Our findings demonstrate that the N-terminal region of BAX is essential for its 

interaction with DRP1, thereby providing a potential mechanism by which DRP1 may 

facilitate BAX activation. This region is proximal to the so-called “rear” site of BAX, 

located on the opposite side of the canonical hydrophobic groove, which engages BH3 

domains of pro-apoptotic BCl-2 family initiators (Appendix 1.1 Figure EV4D). In addition 

to this canonical activation, previous work has established that binding at the rear site 

in soluble BAX can also trigger its activation (Gavathiotis et al., 2008). This non-

canonical activation is attributed to the intrinsic conformational instability of the BCL-2 

fold, which is partially stabilized by the N-terminal region acting as a ‘lock’ to maintain 

the inactive conformation. Consistently, systematic functional dissection of the N-

terminal region of BAX and BAK demonstrated that antibodies or small molecules 

targeting the loop between α-helices 1 and 2 destabilize the fold and induce 

conformational rearrangements that trigger BAX activation (Alsop et al., 2015; Gitego 

et al., 2023; Iyer et al., 2016; Westphal et al., 2014). In line with these observations, 

our data suggest a previously unrecognized mechanism in which DRP1 engages the 

N-terminal region of membrane-associated BAX, thereby promoting conformational 

rearrangements that facilitate BAX activation and subsequent oligomerization 
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(Appendix 1.1 Figure EV6). This mechanism is consistent with the exclusive 

occurrence of BAX and DRP1 interaction in the membrane environment and with its 

independence from the catalytic activity of DRP1. Although it is not required for the 

interaction in cells, binding of DRP1 to other regions of BAX, particularly the α-helices 

2, 5, and 9, as identified in the peptide array, may provide additional regulatory control 

during apoptosis. The α-helix 2 of BAX contains the BH3 domain, which mediates 

canonical regulatory interactions with other BCL-2 family members and drives 

symmetric BH3-into-groove dimerization during apoptotic pore formation. The α-helix 5 

forms part of the central hydrophobic pore-forming region, whereas α-helix 9 serves as 

the C-terminal transmembrane controlling BAX insertion into the MOM. Engagement 

of these structural elements by DRP1 could provide additional means to modulate 

apoptotic pore formation. 

In summary, we demonstrate that BAX and DRP1 directly interact at mitochondrial 

apoptotic foci, where their association contributes to apoptotic progression. We identify 

several BAX regions involved in this interaction, including the pore-forming hairpin, the 

C-terminal transmembrane anchor, and the N-terminal region. Functionally, our data 

reveal that DRP1 promotes BAX activation, thereby inducing MOMP and apoptotic cell 

death. Together, these findings establish a pro-death role for the BAX-DRP1 interplay 

and support a model in which DRP1 acts as a previously unrecognized, non-canonical 

activator of BAX.  

Looking ahead, it will be important to resolve the structural details of the interplay of 

BAX and DRP1 within their macromolecular assemblies at mitochondria and to clarify 

how this association influences apoptotic pore modulation, particularly in relation to the 

biophysical properties of the membrane. Furthermore, systematic dissection of the 

BCL-2 regulatory network to distinguish redundant or compensatory mechanisms of 

BAX activation from the specific contribution of DRP1 will be critical to define the 

physiological and pathological relevance of DRP1 in apoptotic cell death across 

different cellular contexts. 
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2. The cooperative action of BAX, BAK, and mitochondrial membranes in 

apoptotic pore formation 

BAX and BAK are the key executioner BCL-2 proteins that mediate MOMP by forming 

apoptotic pores in the MOM in response to apoptotic triggers. Their high degree of 

sequence and structural homology, together with their functional redundancy in 

executing MOMP, has long supported the assumption that they act through identical 

and fully overlapping molecular mechanisms. Despite this overlap, there are relevant 

differences between BAX and BAK, including the cytosolic localization of BAX versus 

the constitutive mitochondrial localization of BAK in healthy conditions, distinct binding 

affinities within the BCL-2 family, particularly toward BH3-only initiators, and different 

cellular expression levels of both proteins ((Kale et al., 2018; Sarosiek et al., 2013; 

Singh et al., 2019), (https://www.proteomicsdb.org/proteomicsdb; BAX ID Q07812, 

BAK ID Q16611)). The complexity of the co-dependent regulatory network of BCL-2 

proteins, combined with the apparent functional redundancy of BAX and BAK, has so 

far prevented a clear determination of whether these differences translate into distinct 

contributions to apoptotic pore formation.  

Using a combination of super-resolution fluorescence and atomic force microscopy 

(AFM) to investigate the supra-molecular structural organization of apoptotic pores 

formed by BAX and BAK, together with single-molecule stoichiometry quantification of 

their oligomerization kinetics in apoptotic cells, we now reveal mechanistic differences 

between both proteins with important functional implications for apoptosis execution 

and its immunological consequences. In addition, using correlative super-resolution 

light-electron microscopy (superCLEM) in combination with stoichiometry quantification 

of individual apoptotic pore assemblies, we investigate the relationship between protein 

oligomeric state and pore size at the single-molecule level and reveal a mechanistic 

role for mitochondrial mechanics in the regulation of apoptotic pores.  

2.1 The supra-molecular structure of apoptotic pores  

Using SMLM and AFM, previous work demonstrated that BAX assembles into 

heterogeneous line, arc, and ring structures in apoptotic mitochondria to mediate 

MOMP, with arcs and rings forming membrane pores (Salvador‐Gallego et al., 2016). 
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To compare these features with BAK, we analyzed the nanoscale structural 

organization of monomeric enhanced GFP (mEGFP)-BAK expressed in BAX/BAK 

double knock-out (DKO) cells using SMLM. In healthy conditions, BAK displayed a 

homogenous distribution across the mitochondrial network. Upon apoptosis induction, 

it relocalized into discrete, structured mitochondrial complexes in temporal correlation 

with MOMP, as indicated by the release of fluorescently labeled SMAC into the cytosol 

(Appendix 1.2 Figure 1). Structural analysis of these complexes revealed that BAK, like 

BAX, assembled into line, arc, and ring structures in apoptotic mitochondria. 

Unexpectedly, BAK assemblies were more uniform in size and, on average, 50 % 

smaller than those formed by BAX (Appendix 1.2 Figures 2A-F and S1, (Salvador‐

Gallego et al., 2016)). Assessing the temporal evolution of these structures during 

apoptosis progression, we observed a small decrease in line structures, accompanied 

by a slight increase in rings (Appendix 1.2 Figures 2G and S2), suggesting a potential 

progression from lines to arcs (as intermediate structures) to rings over time. However, 

the structures formed by BAK remained stable soon after MOMP, and the persistence 

of a large fraction of lines and arcs suggests that these represent stable, discrete 

entities rather than obligate structural intermediates of ring formation.  

To determine the functional relevance of these structures in pore formation, we 

performed AFM imaging of activated, recombinant full-length BAK (Appendix 1.2 

Figure S3A-D) in supported lipid bilayers (SLBs) prepared from proteoliposomes as 

described previously (Salvador‐Gallego et al., 2016; Subburaj et al., 2015). We 

demonstrate that, like BAX, BAK arcs and rings were associated with membrane pores 

(Appendix 1.2 Figure 3A-E). However, consistent with our observations by SMLM in 

apoptotic mitochondria, BAK structures were smaller and more uniform in size than 

those described for BAX (Appendix 1.2 Figure S3E-F). Complementary experiments in 

GUVs confirmed these differences in pore size between BAX and BAK, as BAK pores 

permitted the influx of cyt c (12.5 kDa) in a concentration-dependent manner but 

excluded the 104 kDa protein APC (Appendix 1.2 Figure 3F-G), indicating a pore size 

at or below this range. In contrast, BAX pores allow the passage of both cyt c and APC 

in vitro (Appendix 1.1 Figure 3E), reinforcing the notion of intrinsic pore-size differences 

between BAX and BAK. 
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As BAX and BAK dynamically oligomerize in mitochondria during apoptosis, we 

hypothesized that their oligomeric state might define the morphology and size of 

apoptotic nanoassemblies. To test this, we developed a multimodal imaging approach 

termed CorreLative Oligomerization STED and Electron (CLOSE) microscopy, which 

allows the correlative assessment of the protein stoichiometry of single particles using 

photon-counting confocal microscopy and their nanoscale organization based on 

STED microscopy, as well as the cellular context information provided by an additional 

correlative step with electron tomography. We applied CLOSE microscopy to correlate 

BAK molecularity and supra-molecular structural organization of individual apoptotic 

pores with structural alterations of the mitochondrial membranes (Appendix 2.1 

Figure 1). For this, we endogenously expressed HALO-tagged BAK (HALO-BAK) in 

U2OS cells (Appendix 2.1 Figure S1A-C) grown on carbon-coated, coordinate-gridded 

dishes to enable tracking of individual cells throughout all imaging steps. We labeled 

HALO-BAK with Janelia Fluor X 650 (JFX650) HALO-tag ligand, and stained 

mitochondria with MitoTracker. The cells were fixed one hour after apoptosis induction, 

which we defined as the time point at which MOMP occurred in the majority of cells, as 

determined by loss of TMRE signal (Appendix 2.1 Figure S1D-F). To quantify BAK 

stoichiometry, we performed photon-counting confocal microscopy on individual cells 

located via the coordinate system, followed by single-particle ratiometric stoichiometry 

quantification. As a fluorescence calibration standard, we used U2OS cells 

endogenously expressing HALO-tagged NUP96 (NUP96-HALO), a 32-mer component 

of the nuclear pore complex, labeled with JFX650. Using the theoretical brightness of 

a single fluorescent emitter, calculated with NUP96-HALO, we converted the measured 

brightness of apoptotic BAK assemblies into BAK molecularity (Appendix 2.1 

Figure S2A-B). The same cells and regions of interest were subsequently imaged by 

STED microscopy to resolve the nanoscale structural organization of BAK assemblies. 

After fluorescence imaging, the samples were resin-embedded, serially sectioned, and 

contrast-stained for electron tomography to visualize mitochondrial ultrastructure. The 

coordinate grid enabled the re-identification of previously imaged cells for electron 

microscopy (EM). We aligned the fluorescence and EM datasets using the MitoTracker 
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signal as a fiducial marker, enabling precise multi-correlative analysis (Appendix 2.1 

Figure 1). 

Using CLOSE, we quantified the copy number of BAK molecules within individual 

apoptotic BAK assemblies and correlated it with their nanoscale structural organization 

(Appendix 2.1 Figure 2). Strikingly, BAK exhibited a broad oligomeric distribution, 

ranging from 50 to over 500 BAK molecules per individual apoptotic pore assembly 

(Appendix 2.1 Figure S2C-G). Contrary to our expectation, we did not detect significant 

differences in BAK stoichiometry between line, arc, and ring structures (Appendix 2.1 

Figure 2A-B), suggesting that the oligomeric state of BAK does not define the 

morphology of its assemblies. In addition, we analyzed the sizes of individual line, arc, 

and ring assemblies relative to the number of BAK molecules. Consistent with our 

SMLM data, BAK structures varied widely in size, with lines slightly smaller than arcs 

and arcs smaller than rings. However, we failed to detect a significant correlation 

between the number of BAK molecules and the size of the assemblies (Appendix 2.1 

Figure 2C-J). The lack of correlation between BAK stoichiometry and the shape or size 

of the nanoscale assemblies indicates that the oligomeric state of BAK is not the 

primary factor in determining the morphology or dimensions of apoptotic BAK pores, 

suggesting that additional factors contribute to shaping its supramolecular 

organization. Given the toroidal nature of apoptotic pores, with both proteins and lipids 

lining the pore lumen, which is specifically evident for the pores formed by arc 

structures observed in vitro ((Salvador‐Gallego et al., 2016), Appendix 1.2 Figure 3D 

and S3E), we reasoned that the local membrane environment might influence the size 

and shape of apoptotic pore assemblies. To test this, we correlated the shape of 

supramolecular apoptotic BAK assemblies with the mitochondrial environment using 

CLOSE microscopy. Quantitation of BAK pores according to their location at 

mitochondria revealed that the majority of pores formed at the mitochondrial tip, some 

of which were associated with extrusion of the MIM through the MOM pore, whereas a 

minority of pores formed along the longitudinal side (Appendix 2.1 Figure 3). Notably, 

the shape of BAK assemblies strongly correlated with the position of MOM openings 

they caused, with the majority of MOM pores located at mitochondrial tips, suggesting 

a preferential site for apoptotic pore formation. 
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Together, these findings provide direct structural evidence that BAK, like BAX, 

assembles into heterogeneous line, arc, and ring structures in the membrane and that 

these assemblies are directly associated with pore formation both in vitro and in 

mitochondria of apoptotic cells. Notably, these observations provide direct evidence for 

the toroidal nature of apoptotic pores in situ, as both lipids and protein line the pore rim, 

a feature especially evident for pores formed by arc structures. In line with this, our 

data indicate that BAK oligomers delineate MOM openings. Together with the lack of 

correlation between BAK stoichiometry and the size or shape of the supramolecular 

assemblies, this suggests that the membrane opening contributes to defining the 

spatial organization of apoptotic BAK assemblies. This observation highlights the 

significance of the biophysical properties of the MOM in the formation of apoptotic 

pores and offers a potential explanation for the heterogeneity in the size and 

morphology of apoptotic BAX and BAK nanoassemblies. Although the structural 

similarities between BAX and BAK assemblies suggest a shared mechanism of 

membrane permeabilization, the formation of consistently smaller, more homogeneous 

pores by BAK, both in mitochondria and in membranes in vitro, points to intrinsic 

structural differences that may reflect distinct modes of action in apoptosis. 

2.2 Assembly mechanism of BAX and BAK apoptotic pores 

Given the structural differences we observed for BAX and BAK complexes in 

membranes, and the fact that both proteins relocalize to mitochondrial complexes upon 

apoptotic triggers, we hypothesized that these differences could arise from distinct 

modes of assembly. To test this, we quantified the oligomerization kinetics of both 

proteins during apoptosis using single-molecule photon-counting confocal microscopy 

combined with ratiometric stoichiometry analysis ((Finan et al., 2015; Jenner et al., 

2020; Verdaasdonk et al., 2014), (Appendix 1.2 Figure S5). We expressed mEGFP-

BAX or -BAK in BAX/BAK DKO cells and monitored the growth of individual apoptotic 

foci relative to the time point of MOMP, indicated by SMAC-release (Appendix 1.2 

Figure 4A). Similar to what we observed for the oligomeric states of BAK by CLOSE 

microscopy, BAX assemblies showed a broad stoichiometry distribution, ranging from 

a few molecules to several hundred per complex. However, assessment of the kinetic 

oligomerization demonstrated that the stoichiometry of BAX increased steadily over the 
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course of the measurement time. In contrast, BAK complexes reached a stable 

oligomeric distribution within approximately 10 minutes after MOMP, and displayed a 

more uniform oligomer distribution than BAX (Appendix 1.2 Figure 4B-E and G-J). This 

difference in the stoichiometry of BAX or BAK oligomers is in good agreement with the 

structural data from SMLM and CLOSE microscopy experiments and highlights clear 

differences in the assembly properties of both proteins. BAK assembles faster into 

smaller, stable oligomeric complexes, while BAX assembles more slowly but continues 

to grow steadily into large oligomers. To address whether these differences were 

simply a consequence of the steady-state localization and molecular availability, we 

considered the distinct subcellular distribution of both proteins in healthy conditions. 

BAK is constitutively localized in the MOM, while BAX is cytosolic and requires 

conformational rearrangements for membrane insertion. This could enable BAK to 

participate earlier in pore formation but limit its abundance, whereas BAX, despite 

delayed membrane integration, may grow into larger assemblies due to its higher 

cytosolic availability. To test this hypothesis, we analyzed a constitutively membrane-

anchored BAX mutant, BAX(S184V), which retains full activity (Kuwana et al., 2020; 

Nechushtan et al., 1999). Remarkably, BAX(S184V) oligomerized slightly faster than 

wild-type BAX but slower than BAK and, like wild-type BAX, continued to grow steadily 

over time (Appendix 1.2 Figure 4B-C, F-G, and J). These results indicate that the faster 

assembly kinetics of BAK are only partially explained by its localization and that the 

saturation of BAK oligomer stoichiometry is not a consequence of its molecular 

availability. Together, these results demonstrate that, despite their high degree of 

homology and functional redundancy, BAX and BAK assemble into apoptotic pores 

with intrinsically different assembly properties. 

Because BAX and BAK colocalize in apoptotic foci (Zhou and Chang, 2008), we next 

asked whether they assemble into the same higher-order structures. To address this, 

we implemented live-cell dual-color STED microscopy to visualize BAX and BAK with 

high spatial resolution in mitochondria of apoptotic cells. We identified line, arc, and 

ring structures formed by both proteins, demonstrating that BAX and BAK co-assemble 

into the same supra-molecular apoptotic pore structures (Appendix 1.2 Figures 6A-B 

and S7A). These findings are consistent with recent reports (Schweighofer et al., 2024) 
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and provide direct visualization of apoptotic pores formed in mitochondria of living cells. 

To confirm these results, we employed a set of complementary approaches, including 

in situ proximity labeling using the engineered ascorbate peroxidase 2 (APEX2), ddFP 

measurements of BAX and BAK (as described above), and co-immunoprecipitation of 

lipid/protein nanoparticles, generated from mitochondria using styrene maleic 

anhydrate (SMA) co-polymers (Appendix 1.2 Figures 6C-G and S7B). These assays 

confirmed that BAX and BAK are localized in close proximity (within 10 nm) within 

apoptotic mitochondrial complexes, but not in healthy mitochondria, and that they co-

assemble into the same apoptotic pore complexes.  

Considering the differences in the assembly kinetics and size of apoptotic pore 

structures we observed between BAX and BAK, we wondered whether these 

differences influence the co-assembly of the two proteins. To address this, we 

quantified the oligomerization kinetics of BAX or BAK in single knock-out cells 

(Appendix 1.2 Figure S8A), i.e., in the presence of either endogenous BAX or BAK, in 

comparison to our results in DKO cells. While both proteins maintained their 

characteristic assembly behavior in the single KO context, BAX oligomerized faster and 

BAK slower in the presence of the respective other protein (Appendix 1.2 Figures 5A-H 

and S6). Moreover, comparative assessment of the size of supra-molecular BAK 

assemblies showed that BAK assemblies were significantly larger when BAX was 

present (Appendix 1.2 Figure 5I-M). These findings indicate reciprocal contributions of 

BAX and BAK during apoptotic pore formation: BAX increases the size of BAK pore 

structures, whereas BAK accelerates the oligomerization of BAX.     

The observation that BAK oligomerizes faster and accelerates the assembly of BAX 

suggests that BAK oligomers might act as nucleation sites for recruiting cytosolic BAX 

and triggering its activation during apoptosis. This hypothesis aligns well with the 

observation that fluorescently labeled BAK appeared in mitochondrial clusters before 

BAX (Appendix 1.2 Figure 6H). To test this directly, we developed an optogenetic tool 

for light-induced BAK oligomerization in living cells. Remarkably, induced 

oligomerization of BAK led to its redistribution into apoptotic foci, the recruitment of 

cytosolic BAX to the same sites, and the initiation of apoptosis in the absence of 
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apoptotic stimuli (Appendix 1.2 Figure 6I). We confirmed this observation in vitro using 

recombinant BAX and BAK in GUVs, where membrane-bound, activated BAK 

successfully recruited inactive, soluble BAX to the GUV membrane (Appendix 1.2 

Figure 6J-K). Although BAK is not required for BAX activation in the cellular context 

(Chen et al., 2015; Chin et al., 2018; Ma et al., 2014), these results suggest that BAK 

not only accelerates the growth of BAX assemblies, but that it can directly recruit and 

activate cytosolic BAX, thereby driving cooperative apoptotic pore formation.  

This cooperative mechanism is in line with previous studies proposing a non-canonical 

activation pathway in which the exposed BH3 domain of activated BAX or BAK can 

further trigger the activation of additional executioner molecules, complementing the 

canonical activation mechanism by BH3-only initiators (Czabotar et al., 2013; Iyer et 

al., 2020; Singh et al., 2022). At the molecular level, the faster assembly kinetics and 

the initially higher density of BAK assemblies at the MOM may reflect more efficient 

intra-dimer interactions of BAK compared to BAX. In support of this view, BAK has 

been shown to possess a greater capacity than BAX to activate additional BAX or BAK 

molecules (Iyer et al., 2020). Other contributing factors may include increased 

accessibility of BAK to the BH3 domains, or distinct interaction dynamics with 

mitochondrial binding partners such as other BCL-2 family members or VDAC2 (Cheng 

et al., 2003; Chin et al., 2018; Ma et al., 2014; van Delft et al., 2019). 

2.3 The role of mitochondrial membrane mechanics in apoptotic pore formation  

Using our CLOSE microscopy approach, we examined the mitochondrial membrane 

ultrastructure at the sites of individual apoptotic pores and found that the vast majority 

of pores formed at mitochondrial tips. Interestingly, a substantial fraction of these pores 

was associated with the extrusion of the MIM through the MOM opening (Appendix 2.1 

Figure 3B). To systematically assess the prevalence of MIM extrusion, we established 

a fluorescent imaging-based assay combining MOM and mitochondrial matrix markers 

with HALO-BAK in apoptotic cells. Confocal and STED microscopy revealed that 

although approximately 40% of mitochondria retained an apparently intact MOM (small 

pores in the MOM are not detectable due to the limited spatial resolution of this 

technique), 39% of mitochondria with MOM openings showed MIM extrusion, whereas 
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only 21% displayed MOM openings without extrusion (Appendix 2.1 Figure 4A-D). 

These findings demonstrate that MIM extrusion is a frequent consequence of MOM 

pore formation. Notably, BAK localized predominantly to either one or both sides of the 

MOM opening at the pore rim but was absent from the extruding MIM (Appendix 2.1 

Figure 4B).  

Given the lack of correlation between the BAK molecularity and size of the apoptotic 

pore structure, we reasoned that pore expansion is not solely driven by BAK 

oligomerization but may be promoted by mechanical forces exerted by the extruding 

MIM. Since unfolding of the mitochondrial cristae and osmotic swelling of the 

mitochondrial matrix are well-established mitochondrial alterations downstream of 

MOMP (Cipolat et al., 2004; Frezza et al., 2006; Ricci et al., 2004; Scorrano et al., 

2003), we hypothesized that these processes could contribute to MIM extrusion. To 

test this, we chemically induced osmotic swelling of the mitochondrial matrix using the 

ionophores valinomycin and nigericin (Val/Nig). Confocal imaging confirmed robust 

mitochondrial swelling in healthy cells (Appendix 2.1 Figure 4E). In apoptotic cells, 

Val/Nig-treatment significantly increased the fraction of mitochondria with MIM 

extrusion compared to untreated apoptotic controls (Appendix 2.1 Figure 4F-H), 

indicating that elevated matrix pressure promotes MIM extrusion. These findings 

highlight the contribution of biophysical forces in driving this process.  

Of note, using the CLOSE microscopy approach, we also observed instances of MIMP 

occurring directly beneath apoptotic pores in the MOM (Appendix 2.1 Figures 1 and 

S3). Although the limited number of events obtained by CLOSE microscopy precludes 

reliable quantification, their occurrence suggests potentially significant mechanistic 

implications. Such defects in the MIM permit exchange of molecules between the 

cytosol and the mitochondrial matrix, thereby amplifying osmotic matrix swelling under 

physiological apoptotic conditions. This is consistent with a previous cryo-electron 

microscopy study demonstrating occasional cases of MIMP, the influx of cytosolic 

content, and mitochondrial matrix content dilution at apoptotic MOM pores formed by 

BAX (Ader et al., 2019). However, the molecular mechanism driving MIMP remains 

elusive. Based on our observation that BAK localizes exclusively to MOM pores, we 
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propose that MIMP is not directly mediated by BAX or BAK, but instead arises through 

an alternative, yet unidentified mechanism. In line with this, recent studies have 

suggested that caspase-activated gasdermin E (GSDME) may contribute to 

mitochondrial pore formation during apoptosis ((Luo et al., 2024; Miao et al., 2023; Neel 

et al., 2023; Rogers et al., 2019; Wang et al., 2017; Zhang et al., 2022), see Functional 

implications for apoptosis execution). 

Interestingly, MIM extrusions through restricted MOM openings appeared constricted 

at the site of the MOM pore, adopting a characteristic hourglass morphology 

(Appendix 2.1 Figure 4I). This deformation of the membrane from a minimal-energy 

spherical shape implies that the MOM exerts a closing force on the extruding MIM, 

reflecting line tension at the pore edge. The persistence of MIM extrusion despite this 

constriction indicates that the MIM generates an opposing outward pressure sufficient 

to stabilize the open pore configuration and potentially promote pore expansion. To 

validate this hypothesis, we applied a modified version of the quantitative "neck model" 

developed by Baumgart and colleagues (Baumgart et al., 2003) to analyze the 

geometry of the hourglass-shaped MIM extrusions. This model is based on the 

minimization of the energy contributions associated with membrane curvatures and 

tensions, transmembrane pressure, and line tension, consistent with the measured 

membrane geometry based on the conservation of a zero-value Hamiltonian. Fitting 

the experimental data obtained by the geometry of the MIM while adjusting membrane 

bending modulus, membrane tension, and excess pressure yielded an estimated line 

tension of γ = 7 ± 6 pN at apoptotic MOM pore edges (Appendix 2.1 Figure 4J-M). This 

value closely matches previously reported line tension estimates for pores formed by 

the α-helix 5 of BAX in model membranes (García-Sáez et al., 2007), supporting a 

similar underlying biophysical mechanism of pore stabilization. 

Together, the observation of hourglass-shaped MIM extrusions through apoptotic 

pores demonstrates that the MOM exerts a constrictive force generated by line tension 

at the pore rim. Conversely, the unfolding and extrusion of the MIM exerts a 

counterbalancing outward force that promotes or stabilizes pore opening. These 

findings suggest that, following the onset of MIM extrusion, pore widening occurs 
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independently of BAK oligomerization and is instead driven, at least in part, by 

biophysical forces arising from MIM remodeling. This reasoning is further reinforced by 

the lack of correlation between BAK molecularity and pore size, and in agreement with 

the toroidal nature of the pore.  

To further quantify the mechanical forces associated with MIM extrusion, we performed 

membrane dynamics simulations. For this, we modeled the MIM as a triangulated fluid-

elastic membrane containing densely packed cristae structures enclosed within a pill-

shaped container mimicking the MOM. To simulate the MOM pores, we introduced a 

circular opening of fixed size on one side of the MOM container (Appendix 2.1 

Figure 5A and S5). Our simulations revealed spontaneous extrusion of the MIM 

through MOM pores once the pore radius exceeded approximately half of the 

mitochondrial diameter (Appendix 2.1 Figure 5A and S4A). This extrusion was 

accompanied by remodeling and rounding of the cristae, which appeared to push the 

MIM through the MOM opening and reduce the overall membrane bending energy, 

thereby driving extrusion. Over time, the cristae opened or merged, and the extruding 

MIM exerted an expansive force on the pore rim, which we quantified as an effective 

line tension. For pores with a size corresponding to ~70% of the mitochondrial 

diameter, the simulations yielded line tensions of approximately γ = 3 - 5 pN for a low 

membrane bending rigidity (κB = 10 kBT) and γ = 10 - 15 pN for stiffer membranes 

(κB = 60 kBT, Appendix 2.1 Figures 5A and S4B). These values are in good agreement 

with the experimentally estimated line tension of γ = 7 ± 6 pN derived from the MIM 

hourglass geometries (Appendix 2.1 Figure 4M). Larger pores exhibited lower effective 

line tension, consistent with the mechanical relaxation of the system following pore 

expansion (Appendix 2.1 Figure S4C). During the early stages of MIM extrusion, the 

mitochondrial matrix volume initially decreased, associated with cristae rounding, but 

subsequently increased as extrusion progressed (Appendix 2.1 Figure 5A). Stiffer 

membranes with larger pores (comparable in size to the mitochondrial diameter) 

exhibited even more dramatic matrix volume expansion as the MIM extrusion was more 

pronounced and the cristae structures unfolded outside the MOM (Appendix 2.1 

Figure S4D). 
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To further examine the contribution of osmotic swelling to MIM extrusion and apoptotic 

pore expansion, we mimicked the conditions of MIMP during apoptosis (McArthur et 

al., 2018; Riley et al., 2018), by simulating osmotic matrix swelling. These simulations 

revealed accelerated MIM extrusion in the absence of simulated osmotic swelling and 

an increase in line tension (γ > 10 pN) at the apoptotic pore rim (Appendix 2.1 

Figure 5B). However, even strong osmotic forces failed to induce extrusion through 

small (< 50% of mitochondrial diameter) and static MOM openings (Appendix 2.1 

Figure S4E), suggesting that the observed increase in line tension may progressively 

enlarge the apoptotic pore over time. Consistent with this prediction, quantification of 

the size of individual MOM discontinuities in our EM datasets revealed that pores 

associated with MIM extrusion were significantly wider than those without extrusion at 

mitochondrial tips or sides (Appendix 2.1 Figure 5C–G). These data indicate that MIM 

extrusion preferentially occurs through large apoptotic pores and mechanically 

contributes to their expansion, thereby shaping the structural organization of the 

apoptotic pore.  

Together, our findings suggested a multimodal mechanism of apoptotic pore formation 

and expansion, in which BAX and BAK mediate initial pore opening and 

oligomerization-dependent pore growth until a critical pore diameter is reached that 

allows MIM extrusion. From this point onward, the mechanical forces associated with 

MIM extrusion and matrix swelling dominate to progressively promote pore expansion 

by counterbalancing the line tension at the pore rim. As this tension is progressively 

reduced by the forces of the extruding MIM, additional recruitment of BAX and BAK to 

the pore edge might shield exposed hydrophobic membrane regions and further 

stabilize the pore. Continued pore expansion would thus establish a positive feedback 

loop, in which larger pores substantially accelerate MIM extrusion and further promote 

apoptotic pore growth. This model is consistent with a previous study that combined 

correlative cryo-microscopy and electron cryo-tomography to directly visualize BAX-

associated MOM ruptures of variable sizes (Ader et al., 2019). In line with our 

observations, this study demonstrated that apoptotic pore formation correlated with 

extensive remodeling of the MIM, including cristae unfolding and the disassembly of 

ATP synthase dimers, particularly in regions of the MIM exposed to the cytosol. 
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Additionally, the study revealed that MOM disruption was accompanied by the influx of 

cytosolic content into the intermembrane space, dilution of matrix content, and potential 

swelling of the MIM, which in some cases extruded through MOM pores. Notably, the 

extent of cytosolic exposure of the MIM varied substantially and scaled with pore size. 

Based on these observations, the authors suggested that MIM reorganization, osmotic 

imbalance, and membrane tension may act synergistically with BAX accumulation to 

drive pore formation and expansion. This is consistent with our observation that, in 

pores larger than a critical diameter, osmotic matrix swelling, cristae remodeling, and 

MIM extrusion mechanically drive pore expansion. Together, these findings 

independently support a model in which apoptotic pore growth is not solely protein-

driven but is amplified by mechanically coupled dynamics of the inner and outer 

mitochondrial membranes. 

3. Functional implications for apoptosis execution   

Our findings that BAX and BAK exhibit distinct assembly kinetics and size of 

supramolecular apoptotic pore structures raised the question whether these 

mechanistic differences have functional consequences for regulatory events in 

apoptosis downstream of MOMP. We hypothesized that differences might influence 

the dynamics of mitochondrial content release, particularly for large mitochondrial 

macromolecules such as the mtDNA.  

To test this, we performed correlative live-cell confocal and fixed-cell Airyscan super-

resolution microscopy to monitor mtDNA release relative to MOMP, marked by the 

efflux of fluorescently labeled SMAC into the cytosol, in single cells expressing either 

only BAX or BAK (U2OS BAK KO, or BAX KO, respectively), compared to WT cells 

(Appendix 1.2 Figure 7A-B). In untreated cells, mtDNA localized entirely within 

mitochondria. Following MOMP, mtDNA release was detected in all three cell lines, 

demonstrating that either BAX or BAK alone can form pores large enough to permit 

mtDNA efflux. However, quantitative temporal analysis revealed that mtDNA release 

occurred significantly faster in cells expressing only BAK than in those expressing only 

BAX. While in cells expressing only BAK, all analyzed cells released the mtDNA within 

30 minutes of SMAC release, while 25% of the cells expressing only BAX retained the 
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mtDNA even 60 minutes after SMAC release (Appendix 1.2 Figure 7B-C). WT cells 

exhibited kinetics similar to BAX-only cells, indicating that BAK accelerates mtDNA 

release. These results are consistent with the faster assembly kinetics of BAK 

compared to BAX (Appendix 1.2 Figure 5E-G). To further confirm this link, we analyzed 

a BAX mutant with reduced oligomerization capacity, BAX(T182I) (Kuwana et al., 2020; 

Zhang et al., 2016), which we validated at the single molecule level by stoichiometry 

quantification in living BAX/BAK DKO cells during apoptosis (Appendix 1.2 

Figure 7D-F). We found that cells expressing BAX(T182I) exhibited delayed mtDNA 

release compared to those expressing WT BAX (Appendix 1.2 Figure 7G-H). These 

findings hence provide direct evidence that the assembly kinetics of BAX and BAK 

determine the kinetics of mtDNA release, independent of the cellular genetic 

background.      

Since mtDNA release has been shown to activate the cGAS–STING signaling pathway 

and modulate the inflammatory outcome of apoptosis when caspase activity is inhibited 

(Giampazolias et al., 2017; Rongvaux et al., 2014; White et al., 2014), we next 

examined the consequences of inducing apoptotic pore formation solely by BAX or 

BAK, or both, on innate immune signaling. We monitored hallmarks of cGAS-STING 

pathway activation, such as STING degradation and TANK-binding kinase 1 (TBK1) 

phosphorylation, in apoptotic SVEC cells expressing only BAK (SVEC BAX KO), only 

BAX (SVEC BAK KO), or both (SVEC WT) under conditions of caspase inhibition. In 

line with the accelerated mtDNA release, BAK-driven MOMP triggered more rapid 

cGAS–STING activation compared with cells expressing only BAX or WT cells 

(Appendix 1.2 Figure 7I-J). We further explored whether BAX- versus BAK-mediated 

MOMP differentially affects adaptive immune activation in immune cells. For this, we 

co-cultured WT, BAK KO, and BAX KO SVEC cells (Appendix 1.2 Figure S8A), 

pretreated to induce apoptotic pore formation (and mtDNA release) under conditions 

of caspase inhibition, with primary murine splenocytes and assessed their activation 

markers. Notably, compared to WT or BAK KO SVEC cells, splenocytes exposed to 

apoptotic BAX KO cells exhibited a significantly higher fraction of CD45⁺ hematopoietic 

cells showing T-cell activation markers (i.e., loss of CD62L and upregulation of CD44) 
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with the strongest response among CD4⁺ T helper cells (Appendix 1.2 Figures 7K and 

S8B-D). 

Together, these findings uncover a previously unrecognized function of BAX and BAK 

in controlling the timing of mtDNA release and, consequently, modulating mtDNA-

driven inflammatory signaling during apoptosis. The coordinated assembly of BAX and 

BAK determines both the growth rate and permeability of apoptotic pores to 

mitochondrial macromolecules, thereby shaping downstream immune responses. 

Mechanistically, this function is regulated by the balance of BAX- versus BAK-mediated 

MOMP and arises from their distinct yet cooperative assembly dynamics into apoptotic 

pores. The reciprocal interplay between BAX and BAK defines the relative kinetics of 

the apoptotic release of mitochondrial content, such as cyt c, SMAC, and mtDNA, upon 

MOMP. Specifically, the post-MOMP oligomerization kinetics of BAX and BAK into 

apoptotic macropores critically determine the timing of mtDNA release with functional 

consequences for the magnitude of cGAS–STING pathway activation, linking 

mitochondrial apoptosis to immunogenic signaling and T cell activation. Recent studies 

have reported that mtDNA can drive interferon responses and immunogenic cell death 

in a model of radiation-treated breast cancer cells, where caspase activation fails to 

suppress innate immune signaling (McArthur and Kile, 2020; Yamazaki et al., 2020). 

In this context, our findings suggest that the dynamic regulation of apoptotic pore 

growth by BAX and BAK fine-tunes the temporal relationship between caspase 

activation and cGAS–STING signaling. Through this mechanism, the interplay of BAX 

and BAK enables tuning of the timing and extent of inflammatory responses 

downstream of apoptosis. 

Adding further complexity, our CLOSE microscopy data and biophysical modeling of 

MIM extrusion reveal an additional layer of regulation in apoptotic pore formation. We 

demonstrate that once the apoptotic pore reaches a critical diameter, the mechanical 

forces generated by mitochondrial matrix swelling and MIM extrusion through the MOM 

become dominant drivers of pore expansion, extending beyond the BAX- and BAK-

dependent mechanism. Functionally, this transition may determine the irreversibility of 

MOMP and the onset of MIMP, influencing downstream inflammatory signaling initiated 
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by mitochondrial content release. While anti-apoptotic BCL-2 family members can 

disassemble BAX oligomers and thereby inhibit pore formation or at least limit pore 

growth (Subburaj et al., 2015), extrusion of the MIM involves extensive remodeling of 

the mitochondrial membranes, rendering MOMP energetically irreversible. 

Consequently, the removal of permeabilized mitochondria, for example, through 

extensive cellular mitophagy (Saunders et al., 2024), emerges as the only currently 

recognized means to mitigate the cellular consequences of apoptotic pore formation in 

this context, with implications for the transition from sublethal to lethal MOMP.  

Moreover, the exposure of the MIM to the cytosolic environment, either through the 

apoptotic pore or upon MIM extrusion, renders it accessible to potential mediators of 

MIMP. Recent studies implicate pore-forming gasdermins (GSDMs), such as GSDMD, 

in cardiolipin-dependent mitochondrial permeabilization (Luo et al., 2024; Miao et al., 

2023; Zhang et al., 2022). In particular, GSDME, which is cleaved and activated by 

caspase-3 during apoptosis, has been shown to induce permeabilization of both the 

plasma membrane and mitochondria, amplifying MOMP in a positive feedback loop 

(Neel et al., 2023; Rogers et al., 2019; Wang et al., 2017). Given its activation 

downstream of caspase-3 and potential CL-dependence, GSDME represents a 

plausible mediator of MIMP. However, further studies are required to define its 

involvement and regulatory interplay with apoptotic pore formation and MIM extrusion. 

Additionally, once exposed to the cytosol, the extruded MIM becomes mechanically 

fragile and prone to rupture under mechanical stress, providing an alternative, non-

protein-mediated route to MIMP.  

Collectively, these findings reveal a previously unrecognized mechanistic interplay 

between the MOM and MIM, in which biophysical forces govern apoptotic pore 

dynamics, determining both the irreversibility of MOMP and the downstream 

inflammatory response.  
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Concluding remarks 

Our study delineates a cohesive mechanistic framework for mitochondrial apoptotic 

pore formation that integrates the function of apoptotic executioner and mitochondrial 

dynamics proteins with mitochondrial membrane mechanics. First, we establish that 

BAX and DRP1 engage in a direct, membrane-dependent interaction that is strongly 

enhanced during apoptosis and temporally coincides with MOMP. This interaction 

requires the N-terminal region of BAX rather than the canonical BH3 groove, and it 

reciprocally augments membrane activities: DRP1 increases BAX-mediated pore 

formation, while BAX enhances DRP1-mediated membrane tethering. Forced BAX-

DRP1 dimerization is sufficient to drive mitochondrial apoptosis in the absence of 

canonical apoptotic triggers, revealing DRP1 as a previously unrecognized, non-

canonical activator of BAX. 

Second, we uncover intrinsic differences in the assembly properties of BAX and BAK 

into apoptotic pore complexes despite their homology and functional redundancy. 

Using super-resolution imaging, AFM, and single-molecule stoichiometry 

quantification, we show that both proteins form line, arc, and ring structures and that 

both arcs and rings can form toroidal pores, yet BAK pores are smaller and more 

uniform than those formed by BAX. BAK oligomers stabilize rapidly after MOMP, while 

BAX assemblies grow continuously to higher molecularity. Dual-color STED nanoscopy 

and complementary proximity assays demonstrate that BAX and BAK co-assemble 

within the same macromolecular pore complexes and reciprocally influence each 

other’s assembly: BAK accelerates BAX oligomerization, whereas BAX increases the 

size of BAK structures. Optogenetic and reconstitution experiments indicate that BAK 

oligomers can nucleate, recruit, and activate cytosolic BAX, consistent with a 

cooperative amplification mechanism of apoptotic pore assembly. 

Third, by developing CLOSE microscopy and combining it with quantitative modeling, 

we demonstrate that mitochondrial membrane mechanics are active determinants of 

pore architecture and growth. Apoptotic pores preferentially form at mitochondrial tips 

and frequently correlate with MIM extrusion through the MOM opening. The resulting 

hourglass geometries report a line tension at the pore rim that is counterbalanced by 
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outward forces generated by cristae remodeling, matrix swelling, and MIM extrusion. 

Simulations recapitulate the measured line tensions and predict that large pores are 

further expanded by MIM extrusion, establishing a positive feedback between pore 

widening and MIM extrusion. This mechanical regime renders MOMP irreversible and 

provides routes to MIMP, either through mechanical rupture in the cytosol or by 

exposing the MIM to additional permeabilizing factors. 

Finally, these mechanistic insights have important immunological consequences in the 

cellular context. Differences in the post-MOMP assembly kinetics of BAX and BAK 

translate into distinct dynamics of mtDNA release: BAK-driven pores promote faster 

mtDNA efflux, earlier cGAS–STING activation, and elevated T-cell activation under 

caspase-inhibited conditions. Thus, the balance and cooperation between BAX and 

BAK define the kinetics of mitochondrial content release and tune the inflammatory 

output of apoptosis. Together, our data support a multimodal model in which BAX/BAK 

oligomerization nucleates apoptotic pore opening and early growth, after which 

membrane mechanics dominate to drive pore expansion, link MOMP to MIMP, and 

shape downstream immune signaling. 

Looking ahead, delineating the dynamics of MIM extrusion and MIMP associated with 

apoptotic BAX/BAK macropores will be essential for identifying context-specific 

regulatory control points within the cellular environment. Moreover, dissecting the 

crosstalk between biochemical and mechanical regulation of this process, particularly 

clarifying the mechanism of MIMP, including the potential involvement of GSDMs or 

other modulators, may open avenues to therapeutically modulate the consequences of 

mitochondrial apoptotic pore formation, with implications for cancer immunogenicity, 

inflammatory disease, and tissue homeostasis.   
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1.2 The interplay between BAX and BAK tunes apoptotic pore growth to control 

mitochondrial-DNA-mediated inflammation  
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