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II. Summary 

BCL-2 family members are the main regulators of the mitochondrial pathway of 

apoptosis. The Bcl-2 family includes both pro-apoptotic and pro-survival proteins. 

The proapoptotic effectors BAX and BAK oligomerize upon activation to form pores 

in the mitochondrial outer membrane which is regarded as the point-of-no-return in 

intrinsic apoptosis. BOK is a poorly understood member of the BCL-2 family of 

proteins which is classified as a pro-apoptotic protein based on structural homology 

and the ability to induce apoptosis upon overexpression. BOK is currently proposed 

to function as a pro-apoptotic BAX-like effector, even if the molecular mechanism 

and structural properties of BOK pores are still unclear. In contrast to most BCL-2 

proteins which are localized to the mitochondria, BOK is mainly localized to the 

membranes of the endoplasmic reticulum (ER) and the Golgi apparatus. BOK is also 

known to be overexpressed in several types of cancer, including ovarian cancer and 

cervical cancer, and is being studied as a potential cancer prognostic marker. In the 

present work, we directly visualized BOK-induced pores in liposomes using negative 

staining electron microscopy. The pores were similar to the ones induced by BAX, 

which suggests that both proteins have related oligomerization properties. This was 

also backed by single-molecule imaging, which demonstrated that BOK can 

oligomerize in membranes containing cardiolipin. In addition, we found that the 

thermal stability of BOK can explain its pore-forming activity, in agreement with 

previous reports. We also found that BOK apoptotic activity is analogous to and 

independent of BAX and BAK, and unaffected by other BCL-2 proteins. Interestingly, 

we show that apoptosis induction by BOK is restricted by its limited mitochondrial 

localization. Finally, Super resolution STED imaging was used to visualize BOK 

organization in apoptotic mitochondria, which appeared to form dots and ring-shaped 

assemblies, similar to what have been reported for BAX and BAK. 
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III. Deutsche Zusammenfassung 

Die Mitglieder der BCL-2-Proteinfamilie sind die wichtigsten Regulatoren des 

mitochondrialen Apoptosewegs. Die Bcl-2-Familie umfasst sowohl pro- als auch 

anti-apoptotische Proteine. Die pro-apoptotischen Effektorproteine BAX und BAK 

oligomerisieren nach Aktivierung und bilden Poren in der äußeren 

Mitochondrienmembran, was als nicht umkehrbarer Schritt im intrinsischen 

Apoptose-Signalweg gilt. BOK ist ein weniger gut untersuchtes Mitglied der 

BCL-2-Proteinfamilie, das aufgrund struktureller Homologie und der Fähigkeit, bei 

Überexpression Apoptose auszulösen, als pro-apoptotisches Protein eingestuft wird. 

Derzeit wird angenommen, dass BOK als BAX-ähnliches Effektor-Protein fungiert, 

auch wenn der molekulare Mechanismus der Bildung sowie die strukturellen 

Eigenschaften von BOK-Poren noch unklar sind. Im Gegensatz zu den meisten 

BCL-2-Proteinen, welche in den Mitochondrien lokalisiert sind, ist BOK hauptsächlich 

an den Membranen des endoplasmatischen Retikulums (ER) und des 

Golgi-Apparats lokalisiert. Es ist bekannt, dass BOK bei verschiedenen Krebsarten, 

darunter Eierstockkrebs und Gebärmutterhalskrebs, überexprimiert ist, weshalb es 

mitunter als potenzieller prognostischer Marker für Krebs untersucht wird. In der 

vorliegenden Arbeit haben wir BOK-Poren in Liposomen mit Hilfe von 

Negativfärbung-Elektronenmikroskopie direkt sichtbar gemacht. Strukturell ähneln 

die Poren denen, die durch BAX gebildet werden, was auf vergleichbare 

Oligomerisierungseigenschaften beider Proteine bei der Porenbildung schließen 

lässt. Diese Beobachtung wurde zusätzlich durch Einzelmolekül-Mikroskopie 

bestätigt, welche zeigte, dass BOK in cardiolipinhaltigen Membranen oligomerisieren 

kann. In Übereinstimmung mit vorangegangenen Untersuchungen haben wir 

festgestellt, dass die porenbildende Aktivität von BOK durch dessen thermische 

Stabilität erklärt werden kann. Außerdem fanden wir heraus, dass die apoptotische 

Aktivität von BOK analog zu, jedoch unabhängig von BAX und BAK ist und von 

anderen BCL-2-Proteinen nicht beeinflusst wird. Interessanterweise konnten wir 

zeigen, dass die Fähigkeit von BOK, den apoptotischen Zelltod einzuleiten, durch 

dessen begrenzte mitochondriale Lokalisierung eingeschränkt ist. Schließlich wurde 

hochauflösende STED-Mikroskopie verwendet, um die molekulare Organisation von 

BOK in apoptotischen Mitochondrien zu visualisieren. Wir konnten zeigen, dass BOK 
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punktartige und ringförmige Anordnungen bildet, ähnlich derer, die für BAX und BAK 

beschrieben wurden. 
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1. Introduction 
 

 
Regulated Cell death 

 
Cell death is not just an inevitable consequence of cellular life, but it also has the role 

of the targeted elimination of the less fit cells (Galluzzi et al. 2018). The process is 

central to homeostasis in multicellular life forms (Fuchs and Steller 2011; Galluzzi et 

al. 2016). For instance, cellular turnover rate in adult humans is estimated to be 

around 330 billion cells per day (Sender and Milo 2021). Therefore, a proper balance 

between cell proliferation and death must be established, especially in tissues with 

high turnover like the haematopoietic system and intestinal epithelium (Czabotar et 

al. 2014). In contrast to necrosis (accidental cell death that happens due to physical, 

chemical or mechanical insults), regulated cell death employs closely integrated 

signaling cascades and dedicated molecular machinery (Galluzzi et al. 2018). The 

classification of regulated cell death routes is continuously evolving, and it is getting 

more complicated as several cell death mechanisms have overlapping features 

(Kroemer et al. 2009). Currently, the most well-defined forms of regulated cell death 

are: apoptosis, ferroptosis, pyroptosis, autophagy and necroptosis (Cui et al. 2021). 

 
 

Apoptosis 
 

Apoptosis accounts for almost half of the cellular turnover in the human body, and is 

considered to be the best understood form of regulated cell death (Sender and Milo 

2021). It is a highly orchestrated process that plays a pivotal role in physiological and 

pathological conditions (Wong 2011). The imbalance in apoptosis has been linked to 

various disorders, where downregulation is observed in cancer while excessive 

apoptosis can lead to degenerative diseases such as Alzheimer and Huntington 

disease (Ghavami et al. 2014). Apoptosis was first recognized based on 

morphological attributes: DNA fragmentation, blebbing of the plasma membrane, cell 

shrinkage and the formation of apoptotic bodies that wrap cell contents (Taylor et al. 

2008). These apoptotic bodies are promptly cleared by nearby phagocytic cells and 

digested in their lysosomes. This process is very efficient and silent to avoid 

secondary necrosis, leading to a clean and non-inflammatory removal of unwanted 

cells (Szondy et al. 2017). Apoptosis can be triggered via two pathways: The 

https://paperpile.com/c/U11PzQ/CEW5
https://paperpile.com/c/U11PzQ/7h4U%2BP44D
https://paperpile.com/c/U11PzQ/7h4U%2BP44D
https://paperpile.com/c/U11PzQ/IlBx
https://paperpile.com/c/U11PzQ/3JYZ
https://paperpile.com/c/U11PzQ/3JYZ
https://paperpile.com/c/U11PzQ/CEW5
https://paperpile.com/c/U11PzQ/hAig
https://paperpile.com/c/U11PzQ/ZZok
https://paperpile.com/c/U11PzQ/IlBx
https://paperpile.com/c/U11PzQ/IlBx
https://paperpile.com/c/U11PzQ/SxXJ
https://paperpile.com/c/U11PzQ/VrpG
https://paperpile.com/c/U11PzQ/37ep
https://paperpile.com/c/U11PzQ/37ep
https://paperpile.com/c/U11PzQ/b7jy
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extrinsic and intrinsic. Extrinsic pathway is activated upon binding of tumor necrosis 

factors (TNF) to death receptors on the plasma membrane resulting in 

oligomerization of the death receptors to form the death-inducing signaling complex 

(DISC) leading to caspase 8 activation (Strasser et al. 2009). On the other hand, the 

intrinsic (or mitochondrial) pathway is triggered by internal cellular stress or damage 

and is controlled by the B-cell lymphoma-2 (BCL-2) family of proteins. Both pathways 

converge in the activation of the executioner caspases (caspase 3, 6, and 7), a 

family of proteases that cleaves various target proteins leading to the characteristic 

apoptotic breakdown of the cell (Miles and Hawkins 2017; Julien and Wells 2017). 

 

BCL-2 proteins 

The intrinsic pathway of apoptosis is regulated by the BCL-2 family proteins through 

a complex network of interactions in the cytosol and in the lipid membrane that 

determines cell fate (Kale et al. 2018). Therefore, they play an essential role in 

carcinogenesis and resistance to cancer treatment (Kalkavan and Green 2018; 

Flores-Romero and García-Sáez 2019). The BCL-2 family is a group of globular 

proteins that contain up to four BCL-2 homology (BH) domains. The mitochondrial 

outer membrane (MOM) is the main playground where most of the interactions 

between the BCL-2 proteins take place. The critical step of apoptotic induction is the 

mitochondrial outer membrane permeabilization (MOMP) which is regarded as the 

point of no return in apoptosis (Kalkavan and Green 2018). Secondary to MOMP, 

apoptotic factors (SMAC and cytochrome c) are released from the mitochondria to 

the cytosol leading to apoptosome formation, followed by the activation of 

executioner caspases (Bock and Tait 2020). In addition, the mitochondrial inner 

membrane is also permeabilized during apoptosis which allows the release of 

mitochondrial DNA, followed by the activation of an inflammatory response that is 

normally depressed by caspase activity (McArthur et al. 2018; Riley et al. 2018; 

Cosentino et al. 2022). 

The BCL-2 family members are commonly classified based on their role in apoptosis 

into three groups: (1) the pro-apoptotic effectors (BAX, BAK, and BOK) which form 

pores in the MOM, (2) the anti-apoptotic (pro-survival) members (BCL-XL, BCL-W, 

BFL-1, BCL-2, MCL-1 and BCL-B) and (3) the BH3-only proteins (BID, BIK, BAD, 

https://paperpile.com/c/U11PzQ/ASzs
https://paperpile.com/c/U11PzQ/zWJS%2BjAsa
https://paperpile.com/c/U11PzQ/oAcG
https://paperpile.com/c/U11PzQ/Sg92%2B7HZB
https://paperpile.com/c/U11PzQ/Sg92%2B7HZB
https://paperpile.com/c/U11PzQ/Sg92
https://paperpile.com/c/U11PzQ/f3OZ
https://paperpile.com/c/U11PzQ/OoMX%2BUABF%2BJwhU
https://paperpile.com/c/U11PzQ/OoMX%2BUABF%2BJwhU
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BMF, HRK, NOXA, BIM and PUMA). The BH3-only proteins act as "sensors" that 

detect cellular stress or damage and then activate the intrinsic apoptotic pathway. 

They exert their function either by activating the pro-apoptotic proteins (BAX and 

BAK) or by inhibiting the activity of the anti-apoptotic proteins. Interestingly, even if 

they have the complete opposite role in apoptosis, both pro-survival members and 

pro-apoptotic effectors share four BH domains (BH1-BH4) and fold into a similar 

globular structure which contains two hydrophobic helices (α5 and α6) forming a 

central hairpin structure surrounded by six amphipathic helices (Shamas-Din et al. 

2013). This fold leads to the formation of a hydrophobic groove outlined by the 

helices α2–α5 which provides an important interface for the interactions with the BH3 

domain of other family members (Bleicken et al. 2017). The localization of the BCL-2 

proteins to the MOM is mainly driven by a C-terminal α-helical transmembrane 

domain (TMD), which acts as a membrane anchor (Wilfling et al. 2012; Czabotar et 

al. 2014). In addition, other functions are attributed to the TMDs such as: 

retrotranslocation of proapoptotic members to the cytosol, mitochondrial morphology 

and metabolism modulation (Edlich et al. 2011; Williams et al. 2016; Schulman et al. 

2019; Lucendo et al. 2020). On the other hand, the majority of the BH3-only proteins 

are intrinsically disordered except for BID which has a fold similar to that of the 

multi-BH domain members (Chou et al. 1999; McDonnell et al. 1999; Hinds et al. 

2007). Frequently, cancer cells exhibit upregulation of the prosurvival proteins 

leading to resistance against chemotherapy. For this, specific inhibitors of the 

anti-apoptotic proteins have been developed for the treatment of cancer (Campbell 

and Tait 2018; Montero and Letai 2018). The most important of these are the “BH3 

mimetics” that are designed to bind to- and inhibit the pro-survival proteins, which 

lead to apoptosis induction in cancer cells (Townsend et al. 2021). Venetoclax is the 

only BH3-mimetic that has been approved by FDA to be used for the treatment of 

chronic lymphocytic leukemia (CLL) and acute myeloid leukemia (AML) in adults. 

 

BCL-2 proteins interaction network 

The BH3-only proteins have different affinities for binding to different pro-apoptotic 

and anti-apoptotic BCL-2 members. For example, BID has a higher binding affinity 

for BAX and BCL-xL, whereas BIM has a higher binding affinity for BAK and BCL-2 

(Happo et al. 2012). When BID is cleaved by caspase 8, the active truncated form 

https://paperpile.com/c/U11PzQ/AZqE
https://paperpile.com/c/U11PzQ/AZqE
https://paperpile.com/c/U11PzQ/gPAJ
https://paperpile.com/c/U11PzQ/3JYZ%2BE00k
https://paperpile.com/c/U11PzQ/3JYZ%2BE00k
https://paperpile.com/c/U11PzQ/skn3%2BgRZk%2BHQV8%2BPgAj
https://paperpile.com/c/U11PzQ/skn3%2BgRZk%2BHQV8%2BPgAj
https://paperpile.com/c/U11PzQ/gmbK%2BvfSC%2BZp8F
https://paperpile.com/c/U11PzQ/gmbK%2BvfSC%2BZp8F
https://paperpile.com/c/U11PzQ/Ua8X%2BC4eM
https://paperpile.com/c/U11PzQ/Ua8X%2BC4eM
https://paperpile.com/c/U11PzQ/5Iq0
https://paperpile.com/c/U11PzQ/s4wl
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with exposed BH3 domain (tBID) is released (Huang et al. 2016). Apoptosis is then 

triggered via two mechanisms: inhibition of the anti-apoptotic proteins or direct 

activation of pro-apoptotic effectors. In addition, the BH3-only proteins have 

differential selectivity towards different pro-survival proteins. This is due to structural 

differences in their BH3 domains and in the grooves of the pro-survival proteins 

(Czabotar et al. 2014). Apart from BH3-into-groove interactions, the modulation of 

BCL-2 proteins can be controlled through other non-canonical surfaces (N-terminal 

helix, rear binding site and anchoring tail) (Gavathiotis et al. 2008; Barclay et al. 

2015). Upon activation, the pro-apoptotic effector proteins exhibit conformational 

changes that give rise to the membrane-bound form. This is believed to occur 

through TM dislodgement and N-terminal exposure followed by BH3 exposure and 

then further oligomerization in the membrane which leads to pore formation (Flores‐

Romero et al. 2020). The pores formed by BAX and BAK are now very well studied, 

and it is believed that both proteins can form toroidal pores of tunable size 

(Cosentino and García-Sáez 2017). Recently, it was reported that BAK can 

oligomerize faster than BAX to form lines, arcs, and rings, and it is able to recruit 

BAX to co-assemble into the same supra-molecular apoptotic structures (Cosentino 

et al. 2022). 

 
BOK 

 
BCL2-related ovarian killer (BOK) is a BCL-2 family member that was discovered 

using a yeast 2-hybrid screen of a rat ovarian fusion cDNA library, using MCL-1 

protein as the bait (Hsu et al. 1997). BOK was first categorized as an effector 

pro-apoptotic protein as it, like BAX and BAK, contains the four BH motifs and 

induces apoptosis upon overexpression in cells. However, BOK has some distinctive 

characteristics that always made it clustered alone. The protein was shown to be 

widely expressed in different tissues with higher levels in reproductive tissues (Gao 

et al. 2005; Ke et al. 2012). Interestingly, BOK was found to have affinity to the 

pro-survival proteins MCL-1 and BFL-1, but not BCL-2 or BCL-XL (Inohara et al. 

1998). In addition, the protein has an atypical subcellular distribution, where it 

localizes to the membranes of the ER more than mitochondria (Echeverry et al. 

2013). In contrast to BAX and BAK, BOK is not induced by the BH3-only proteins 

and its mechanism of regulation has been always questioned. The first BOK-/- mice 

https://paperpile.com/c/U11PzQ/PUSe
https://paperpile.com/c/U11PzQ/3JYZ
https://paperpile.com/c/U11PzQ/2qUr%2BPIf5
https://paperpile.com/c/U11PzQ/2qUr%2BPIf5
https://paperpile.com/c/U11PzQ/M9M4
https://paperpile.com/c/U11PzQ/M9M4
https://paperpile.com/c/U11PzQ/Lbvn
https://paperpile.com/c/U11PzQ/JwhU
https://paperpile.com/c/U11PzQ/JwhU
https://paperpile.com/c/U11PzQ/ZoqH
https://paperpile.com/c/U11PzQ/dMXy%2B5L2F
https://paperpile.com/c/U11PzQ/dMXy%2B5L2F
https://paperpile.com/c/U11PzQ/hesl
https://paperpile.com/c/U11PzQ/hesl
https://paperpile.com/c/U11PzQ/NzlF
https://paperpile.com/c/U11PzQ/NzlF
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were produced in 2012, and developed normally with no observed tissue anomalies 

(Ke et al. 2012). This indicated that BOK role overlaps with that of other BCL-2 family 

members or may have a function restricted to specific stress stimuli. BOK is 

becoming more accepted as a pro-apoptotic effector of the BCL-2 family due to the 

accumulation of evidence that support that BOK overexpression induces MOMP, 

caspase-3 activation, and apoptosis (Rodriguez et al. 2006; Llambi et al. 2016). It 

was also shown that recombinant BOK can permeabilize liposomes with a 

composition that mimics the mitochondrial outer membrane, like BAX and BAK 

(Fernández‐Marrero et al. 2017). In that study, BOK pores were reported to be large 

enough to pass large molecules like cytochrome c (12 kDa) and allophycocyanin 

(104 kDa). Still, more detailed information about BOK oligomerization in the 

membrane is lacking. 

 
BOK structure 

The earliest structural information about BOK only emerged in 2018, and it provided 

some clue to the activity control of BOK. Two studies were published reporting BOK 

structure using both x-ray crystallography and nuclear magnetic resonance (NMR) 

(Zheng et al. 2018; Ke et al. 2018). In the x-ray crystallography study, chicken BOK 

was used and the first 18 residues and the C-terminal helix were removed to 

facilitate the protein production process. As expected, BOK structure was similar to 

the typical BCL-2 fold shared by BAX, BAK and the pro-survival members. However, 

the hydrophobic groove of BOK was partially obstructed by the residues Q92 and 

Q113 in one of the molecules in the asymmetric unit. Moreover, the B-factor values 

of the groove residues were higher than average, indicating larger flexibility in this 

region (Sun et al. 2019). The structure of BOK was also solved in the same year 

using NMR spectroscopy, and the additional structural information of BOK provided 

by this study further explained its auto-activation and the distinct pattern of binding to 

other BCL-2 family members (Zheng et al. 2018). This can be summarized into two 

factors: (1) an atypical hydrophobic groove architecture that hinders binding to BH3 

domains of other proteins and (2) a glycine residue (G35) which acts as a helix 

breaker in the middle of the α1 helix. The hydrophobic groove is collapsed and made 

up of mostly loop structures which are believed to have high dynamics and 

conformational flexibility. The small hydrophobic pockets P0 and P1 are occluded by 

https://paperpile.com/c/U11PzQ/5L2F
https://paperpile.com/c/U11PzQ/1RQf%2BzFKb
https://paperpile.com/c/U11PzQ/kjeO%2BRCU9
https://paperpile.com/c/U11PzQ/PP4X
https://paperpile.com/c/U11PzQ/RCU9
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the helix α3, limiting the access by the residues of the BH3 domain. In addition, the 

residue K122 has a less positive charge than the conserved arginine in all other 

BCL-2 family members and makes a less stable salt bridge with the conserved 

aspartate of the BH3 ligand. These attributes may reduce the affinity of the 

BH3-into-groove interaction of BOK. In addition, the glycine residue (G35) probably 

acts as a helix breaker in the α1 helix , leading to reduced stability of the protein fold 

(Zheng et al. 2018). This makes BOK more susceptible to the conformational 

changes required for the activation. To prove this, A BOK mutant G35A was 

produced and was shown to have significantly higher melting temperature and 

induced less permeabilization of liposomes than the wild type protein (Zheng et al. 

2018). We have also noticed that GFP-BOK G35A is inducing apoptosis to less 

extent than GFP-BOK when expressed in HCT116 cells. All of these can give 

insights of the structural features of BOK that enables its permeabilizing activity 

without the need of activation by BH3-only proteins. 

 
BOK activity regulation 

 
For a long time, BAX and BAK were considered to be the only MOMP effectors of 

the mitochondrial apoptotic pathway. This was mainly because BAX−/− BAK−/− cells 

were not able to execute apoptosis upon exposure to many different apoptotic stimuli 

(Wang and Youle 2012). Still, BOK was clustered with the pro-apoptotic effectors 

because of the high sequence similarity to BAX and BAK but the exact role of BOK 

in apoptosis remained not fully understood, and until recently it was still debated if 

BOK can act as a MOMP effector (Moldoveanu and Czabotar 2020). In the early 

studies, BOK was shown to induce mitochondrial apoptosis upon transient 

overexpression in cells that contain BAX and BAK (Yakovlev et al. 2004; Rodriguez 

et al. 2006). In line with this, BOK-induced cell death was significantly reduced in the 

absence of BAX and BAK, which may point that BOK induces MOMP upstream of 

BAX/BAK (Echeverry et al. 2013; Carpio et al. 2015). In contrast to this, it was also 

reported that BOK is able to induce MOMP in BAX–/– BAK–/– cells, leading to 

apoptotic cell death, which indicates that BOK has a genuine effector role and is 

capable of executing the permeabilization (Einsele-Scholz et al. 2016; Zheng et al. 

2018). Importantly, some of BAX−/−BAK−/− mice could survive to adulthood with 

normal tissue morphology which means that either apoptosis is executed by another 
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protein or a different cell death pathway is compensating for apoptosis (Lindsten et 

al. 2000). Furthermore, the hypothesis that BOK can act like BAX was further 

supported when it was observed that BOK−/−BAX−/−BAK−/− mice had more severe 

defects and died earlier than BAX−/−BAK−/− mice (Ke et al. 2018). Importantly, neither 

extrinsic apoptosis, necroptosis, pyroptosis or autophagy were upregulated in these 

mice. 

Being not induced by cBID or inhibited by the pro-survival proteins, a model of BOK 

regulation has emerged that links ER stress to apoptosis (Carpio et al. 2015). 

According to this hypothesis, BOK has an inherent instability because of the residue 

G35 that acts as a helix breaker (Zheng et al. 2018). As a result, BOK has the 

capacity to spontaneously translocate to the mitochondrial membrane and to induce 

MOMP. BOK activity is then regulated via controlling the level of the protein in the 

cell via ER-associated degradation (ERAD) after ubiquitination. Upon ER stress, the 

proteasome function is compromised, leading to an increase in BOK levels and 

apoptosis induction. This model also conforms to the atypical subcellular localization 

of BOK to the ER and can partially explain the induction of apoptosis by ER stress 

(Urra et al. 2013; Chipuk and Luna-Vargas 2016). Upon knocking BOK out, cells had 

less ability to die with mitochondrial apoptosis induced by ER stress but no 

differences in response to staurosporine or ultraviolet irradiation were observed 

(Carpio et al. 2015). In other reports, BOK was detected in Mouse Embryonic 

Fibroblasts (MEFs) only upon treatment with proteasome inhibitors (Llambi et al. 

2016). In the latter study, different lysine residues in BOK were identified to be 

ubiquitination sites. In summary, based on these studies, a hypothesis of BOK 

regulation was that BOK is continuously degraded by the ERAD system leading to 

undetected cellular levels. Upon ER stress, the ERAD system is saturated which 

results in BOK stabilization and subsequent translocation to the MOM to induce 

apoptosis. 

 
BOK and MCL-1 

 
When BOK was first discovered, it was shown that it interacts with MCL-1 and 

BFL-1, but not BCL-2 and BCL-XL (Hsu et al. 1997). In line with this, It was reported 

that MCL-1 can inhibit BOK proapoptotic activity (Stehle et al. 2018). However, other 

studies showed that the interaction between BOK and MCL-1 does not affect 
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BOK-mediated apoptosis (Llambi et al. 2016). A recent study has shown that BOK 

and MCL-1 form heterodimers via the TMD of both proteins in the mitochondrial 

membrane (Lucendo et al. 2020). They hypothesized that this interaction helps in the 

tethering of BOK TMD to the mitochondria. MCL-1 TMD was able to induce 

apoptosis upon transfection to BAX–/–BAK–/– cells, and this effect was strongly 

reduced upon gene silencing of endogenous BOK indicating that MCL-1 TMD 

apoptosis induction is BOK dependent. Based on this, MCL-1 keeps a fraction of 

BOK in an off state at the mitochondria, waiting for the cell death signal. 

 
Non-Apoptotic Functions of BOK 

 
Apart from its contribution in the regulation of intrinsic apoptosis pathways, BOK has 

been found to be involved in other cellular processes. Some examples of these 

non-apoptotic roles are discussed below. 

 
 

Calcium Signaling 
 

Different BCL-2 proteins have been already linked to the regulation of calcium 

homeostasis (Hardwick and Soane 2013). As mentioned above, BOK has been 

shown to localize preferentially to the ER and Golgi (Ke et al. 2012). In the ER, BOK 

binds to inositol 1,4,5-trisphosphate receptors (IP3Rs), which are involved in 

intracellular calcium signaling (Ivanova et al. 2014). It was reported that the BH4 

domain of BOK is a key mediator in the interaction with IP3R, as indicated by 

site-directed mutagenesis studies (Schulman et al. 2016). In a recent study, BOK 

was shown to potentiate ER-mitochondrial contact sites, and to act as an effector of 

IP3R-mediated calcium transfer from the ER to the mitochondria (Carpio et al. 2021). 

Accordingly,  BOK  can  control  apoptosis  by  calcium  transfer  through 

ER-mitochondrial contact sites. 

 
Mitochondrial Morphology 

The overall mitochondrial morphology is usually determined by two opposing 

processes: mitochondrial fusion and fission. It was found that the deletion of BOK 

gene leads to mitochondrial fragmentation in cultured MEFs (Schulman et al. 2019). 

The observed phenotype was a consequence of reduced fusion rate, and could be 

reversed by the stable expression of BOK. It is still questionable whether the effect of 
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BOK on mitochondrial morphology is direct or indirect. At least, it has been shown 

that this effect is not through IP3R (Schulman et al. 2019), but other possibilities are 

still to be investigated. 

 

BOK and cancer 

It was found that the genomic locus containing BOK gene is deleted in many types of 

human cancers, opening the possibility of using BOK as a cancer prognostic marker 

(Beroukhim et al. 2010a). Interestingly, among the pro-apoptotic family members, 

BOK was found to be one of the most frequently deleted genes in cancer cells (Naim 

and Kaufmann 2020). Apart from somatic copy-number variations, BOK was also 

shown to be epigenetically repressed in non-small-cell lung carcinoma (NSCLC) cell 

lines (Moravcikova et al. 2017). This may indicate that BOK has a tumor-suppressing 

function and can be used for estimating the prognosis of late-stage NSCLC patients 

where high BOK levels could predict longer patient survival (Fernandez-Marrero et 

al. 2018). In addition, BOK was reported to be downregulated in colorectal cancer 

(CRC) (Carberry et al. 2018). In this line, it was also shown that BOK-deficient CRC 

cells exhibit increased resistance to 5-Fluorouracil (5-FU) (Srivastava et al. 2019). 

This can be attributed to the ability of BOK to enhance the enzymatic activity of 

Uridine monophosphate synthase (UMPS), which is important for the conversion of 

5-FU into its active metabolites. However, in other cancers, a high level of BOK 

expression was correlated with reduced survival and disease recurrence (Beroukhim 

et al. 2010b). This means that BOK has complex roles in tumor establishment and 

recurrence, as it is involved in various cell regulation processes in addition to 

apoptosis (Shalaby et al. 2020). 

 
Single-molecule imaging of membrane proteins 

Studying the mechanisms of protein complexes assembly is important for 

understanding their structure and function. This requires gaining information at the 

single-molecule level, as many processes are overlooked by ensemble 

measurements. Membrane proteins are involved in many key biological processes 

such as ion channels, receptors and pore forming proteins (Cournia et al. 2015). The 

latters, including BOK, are central to the execution of regulated cell death pathways. 

For studying the behavior of these proteins, it is advantageous to perform the 
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characterization in the native membrane environment. For doing this, the protein has 

to be produced in good yield and purity followed by fluorescent labeling. The 

membrane systems should be chosen to mimic the biological membrane under 

investigation, and an appropriate way to reconstitute the protein into the membrane 

is normally followed. Using single-molecule imaging for stoichiometry determination 

yields relevant information on the mechanism of action of membrane protein 

complexes. This has been possible because of a number of methodological 

improvements (novel fluorophores having bright and photostable emission, new 

labeling methods and advances in the field of microscopy). The technique has been 

previously applied for studying the mechanism of BAX oligomerization in the 

membrane environment (Subburaj et al. 2015). When the protein is incubated at the 

right concentration, particles can be visualized as diffraction-limited isolated spots 

which are bigger in size than the real structure. However, it is possible to measure 

their intensity and localize them with acceptable accuracy. Different algorithms can 

be then utilized to detect single molecules followed by fitting the intensity to a 2D 

Gaussian. The brightness of the particle is measured from the area under the 2D 

Gaussian followed by background subtraction. Afterwards, the brightness values of 

all detected particles can be used for the determination of subunit stoichiometry. 

https://paperpile.com/c/U11PzQ/uAlU
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2. Objectives of the thesis 

 
Objective 1 

Until now, BOK continues to be an enigmatic member of the BCL-2 family. 

Controversial reports emerged in recent years which provided puzzling results 

regarding the ability of BOK to act as a pro-apoptotic effector. The role of BOK in 

apoptosis remains difficult to identify as it is not activated with typical intrinsic 

apoptotic inducers that converge in BAX and BAK mediated MOMP. BOK has been 

shown to induce pore formation in liposomes with a composition that mimics the 

mitochondrial outer membrane. These pores were large, stable and toroidal in 

nature, but direct visualization is still lacking. There is still to be known about the 

behavior of BOK in the membrane environment and its ability to oligomerize for pore 

formation. This will provide more information about the exact position of BOK among 

the BCL-2 proteins and the mechanisms of the regulation of its activity. Here, we 

wanted to investigate if BOK can act as a MOMP effector like BAX and BAK. To 

evaluate this, these are the aims of my thesis: 

 
1. To characterize the relationship between the thermostability of BOK and its 

pore forming activity in liposomes. 

2. To directly visualize the pores induced by BOK in liposomes and compare it 

with BAX-induced pores. 

3. To study the oligomerization mechanism of BOK in supported lipid bilayers 

using single-molecule microscopy. 

4. To study the proapoptotic activity of BOK in cells and to find out if it is 

dependent on BAX and BAK, and to investigate how the proapoptotic activity 

of BOK is regulated and how it is related to its intracellular localization. 

5. To characterize BOK assemblies in the mitochondria of apoptotic cells using 

super-resolution microscopy. 
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Objective 2 

Single-molecule imaging is a powerful tool especially in the field of membrane 

proteins. Our objective was to develop a fully automated pipeline for the accurate 

detection of single molecules of fluorescently-labeled proteins in the membrane 

environment, followed by the subunit counting to decipher the stoichiometry of the 

oligomeric species. To reduce bias, the method needs to be performed with minimal 

human intervention. In addition, it is important to make sure that the method is fast 

and can function accurately at low signal to noise ratios. To accomplish this, I have 

contributed to two publications that had the following aims: 

 
1. To develop a trainable deep neural network for the detection of single 

molecules (Deepsinse). 

2. To build a pipeline for the subunit counting of biomolecular complexes using 

single-molecule brightness analysis. 
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3. Results 

 
3.1. Visualization of BOK pores independent of BAX and BAK reveals a similar 

mechanism with differing regulation 

Raed Shalaby, Arzoo Diwan, Hector Flores-Romero, Vanessa Hertlein & Ana J. 

Garcia-Saez 

Cell Death and Differentiation. 2022 Oct 26:1–11. doi: 10.1038/s41418-022-01078-w. 
 
 

 
3.1.1. Synopsis 

In this paper, we aimed to gain more insights about the poorly understood protein 

BOK. We have performed direct visualization of BOK-induced pores in liposomes 

using negative staining EM. The pores were similar to the ones formed by BAX. We 

observed that the C-terminal tail of BOK is related to its thermal stability and pore 

forming activity. Using single molecule imaging, we quantified the stoichiometry of 

BOK particles in the membrane, which was also in line with previous reports about 

BAX oligomerization. We have studied the regulation of BOK proapoptotic activity 

and found it to be independent of other BCL-2 proteins. Interestingly, BOK activity 

appeared to be controlled by limiting its localization to the mitochondria. In addition, 

we used super-resolution STED imaging to visualize BOK assemblies in cells. It 

revealed that BOK forms dots and ring-shaped particles in the apoptotic 

mitochondria. In summary, the results of this paper propose that BOK is a genuine 

MOMP effector like BAX and BAK, but it is controlled by its subcellular localization 

instead of interaction with BCL-2 family members. 

 
3.1.2. Own contribution 

I designed and performed all the experiments with the help of my colleagues. I 

estimate my contribution at 70%. 
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3.2. DeepSinse: deep learning-based detection of single molecules 

John S H Danial, Raed Shalaby, Katia Cosentino, Marwa M Mahmoud, Fady 

Medhat, David Klenerman & Ana J Garcia Saez 

Bioinformatics, Volume 37, Issue 21, 1 November 2021, Pages 3998–4000 

 
3.2.1. Synopsis 

In this paper, we have developed a trainable neural network for the detection of 

single molecules (DeepSinse), which can be applied to a wide range of 

signal-to-noise ratios. To construct the training dataset, images of 200 by 200 pixels 

in size were generated with 100 particles randomly scattered. The particles 

appeared as bursts which were convoluted with a 2D Gaussian Kernel. Images that 

contain bursts were simulated with the intensities ranging from 50 to 100 counts 

which gives signal-to-noise ratios from 24.85 to 45.81. From each image, ROIs were 

extracted and intensity was scaled between 0 and 1. The network was validated on 

the detection of single particles in experimental data and simulations. The accuracy 

of the network to detect single molecules was tested on experimental and simulated 

data. DeepSinse proved to have 4-5 times lower false positive and negative rates 

compared to available domain specific detection software. The speed of the network 

was tested on a mid-class Graphical Processing Unit (GPU), and was capable of 

being trained using 10,000 ROIs for 12 s. Using the same GPU, the network needs 

40 s for processing 1000 frames which are 200 by 200 pixels in size. 

 
3.2.2. Own contribution 

I performed the experiments to test and validate the code and contributed to writing 

the manuscript. I estimate my contribution at 30%. 
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3.3. Systematic Assessment of the Accuracy of Subunit Counting in 

Biomolecular Complexes Using Automated Single-Molecule Brightness 

Analysis 

John S. H. Danial, Yuri Quintana, Uris Ros, Raed Shalaby, Eleonora G. Margheritis, 

Sabrina Chumpen Ramirez, Christian Ungermann, Ana J. Garcia-Saez, & Katia 

Cosentino. 

J Phys Chem Lett. 2022 Jan 27;13(3):822-829. doi: 10.1021/acs.jpclett.1c03835. 
 
 

3.3.1. Synopsis 

The aim of this paper was to establish a computational pipeline for the accurate 

quantification of the stoichiometry of biomolecular complexes imaged by 

fluorescence microscopy. To accomplish this, we developed an automated software 

(Stoichiometry Analysis Software or SAS) for single-molecule brightness analysis. 

The pipeline was then employed to quantify the accuracy of subunit counting using 

simulated and experimentally obtained data. Subunit counting is commonly 

performed either by stepwise photobleaching step counting or single-molecule 

brightness analysis. The latter approach has the advantage of applicability on a wide 

range of macromolecular complex sizes (stepwise counting is limited to about five 

subunits). The software uses a simple parameter-free algorithm for single-molecule 

particle detection, based on the DeepSinse neural network. SAS uses the calibration 

dataset for finding the brightness values of monomeric species. These data are then 

used to construct a Gaussian mixture that represents the distribution of the 

higher-order oligomeric species. The software achieves accuracy of counting above 

85%, when applied on complex stoichiometric configurations. 

 
3.3.2. Own contribution 

I contributed to the assessment of the accuracy of the pipeline on 

experimentally-obtained and simulated data, and in writing the manuscript. I estimate 

my contribution at 10%. 
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4. Discussion 

 
The BCL-2 effectors 

Mitochondrial poration is the key step of intrinsic apoptosis, which leads to the 

release of caspase activators to the cytosol. This is executed by the effector BCL-2 

family proteins (BAX, BAK and BOK) (Moldoveanu and Czabotar 2020). These 

proteins have different mechanisms of regulation, manifested in their subcellular 

localization and differential affinity to other BCL-2 proteins. BAX and BAK are 

commonly called the canonical effectors, and have been extensively studied over the 

past years. Still, as the apoptotic pores have not been isolated, direct investigation of 

the mechanism of assembly and pore formation is not complete (Moldoveanu 2023). 

Both canonical effectors are found in dormant conformation in normal conditions, 

waiting for activation by cellular stress signals. This leads to the translocation of BAX 

to the mitochondrial outer membrane (BAK is consistently localized on the 

mitochondria), followed by conformational changes (release of the α1 helix, exposure 

of BH3 domain and disengagement of core (α2–α5) from latch (α6–α8) regions) that 

allow pore formation (Llambi et al. 2011; Czabotar et al. 2013). However, the precise 

route by which BAX and BAK transform from monomers to oligomers on the 

mitochondrial membrane remains an open question. Furthermore, a number of 

hypotheses (backed by atomic force microscopy, electron tomography and 

superresolution microscopy) have been provided to explain the mechanism of pore 

formation by these oligomers, and the nature of the pore itself. In summary, it was 

shown that BAX and BAK assemble in different shapes (rings, arcs, lines and 

clusters) with variable sizes (Salvador-Gallego et al. 2016; Ader et al. 2019). It was 

further discovered that BAK oligomerizes faster than BAX into smaller structures, 

and can recruit BAX leading to co-assembly (Cosentino et al. 2022). Interestingly, 

pores formed by either BAK or BAX were able to release mitochondrial DNA, with 

BAK having faster dynamics. 

 
Is BOK a true BCL-2 effector? 

On the amino acid sequence level, BOK is the closest BCL-2 family member to BAX 

and BAK but its exact role in apoptosis remained unclear in contrast to the canonical 

effectors (Naim and Kaufmann 2020). In addition, it is predominantly localized to the 
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membranes of the ER (in complex with IP3 receptors) and Golgi rather than the 

mitochondria. BOK has been widely considered to be a pro-apoptotic protein, but its 

ability to work as an effector independent of BAX and BAK remained controversial. 

Over the years, evidence has been accumulating to support the MOMP effector role 

of BOK. In summary, it was found that mitochondrial apoptosis defects are more 

exacerbated in BAX−/−BAK−/−BOK−/− mice than in BAX−/−BAK−/− mice (Ke et al. 2018). 

In addition, it was shown that BOK can be upregulated through proteasome 

inhibition, using ER stress drugs, which led to protein stabilization and apoptosis 

execution (Llambi et al. 2016). Structurally, BOK was shown to be susceptible to 

spontaneous conformational changes, which can explain its constitutive activity 

without the need for direct activation (Zheng et al. 2018). Furthermore, in-vitro 

studies have shown that BOK (like BAX and BAK) can form toroidal pores in 

liposomes which are large enough to pass cytochrome c (Fernández‐Marrero et al. 

2017). 

 
How BOK thermostability is linked to pore formation? 

Here, we have studied the molecular mechanism and regulation of BOK pore 

forming activity both in vitro and in cells and performed direct visualization of BOK 

pores in liposomes. We have employed a protocol for the expression and purification 

of recombinant BOK that ensured the purity and homogeneity of the produced 

protein. In addition, the separation of monomeric and oligomeric species was 

performed using size-exclusion chromatography. We could produce both Full-length 

BOK (FL-BOK) and a c-terminally truncated version (BOK∆C). Because FL-bok had 

a high tendency to aggregate during the purification process, we could not produce it 

in a reliable and reproducible manner. Accordingly, BOK∆C was used for most of the 

subsequent experiments and was also used for fluorescent labeling. For this, we 

have utilized Sortase enzyme to attach an Atto488-tagged peptide to the N-terminus 

of BOK∆C (Theile et al. 2013). This reaction proved to be efficient and almost 

complete, and importantly it guaranteed that the protein is tagged with only one dye 

molecule in its N-terminus. This feature is crucial for the accurate estimation of the 

stoichiometry of the protein assemblies in the subsequent single-molecule 

experiments. The C-terminal tail of the BCL-2 proteins is important for protein 

targeting to different membranes in the cell. This applies also to BOK, as its 

C-terminal tail was shown to be essential to its characteristic subcellular localization. 
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However, we found that BOK tail was not essential for the permeabilization activity of 

the protein in liposomes. 

We found that BOK thermostability can be an important factor for explaining the 

membrane permeabilization activity of BOK. Compared to BAX and BAK, we 

observed that BOK melting temperature is significantly lower. The melting 

temperature of BOK is further lowered by deleting the C-terminal tail, which can be 

explained by the formation of domain-swapped dimers by full length BOK, which 

could stabilize the globular BCL-2 fold in solution. Such a dimer has been previously 

reported to be an inhibitory mechanism for BAX (Garner et al. 2016), which could be 

associated with such stabilization of the inactive conformation. In line with this, we 

found that BOK activity in liposomes can be promoted with heat which agrees with 

earlier reports that BAX and BAK can be activated by increasing the temperature 

(Pagliari et al. 2005). This can increase the probability of partial protein unfolding and 

exposure of helices involved in interaction with the membrane, typically associated 

with the activation process. Accordingly, this partial instability of the protein can 

explain its autoactivity. This hypothesis was supported by a study in which the BOK 

mutant G35A was more stable than wild type BOK and induced less permeabilization 

of liposomes (Zheng et al. 2018). We have also observed that this mutant induces 

apoptosis in HCT cells to a lesser extent than wild type BOK. Accordingly, protein 

stability of BCL-2 proteins may be the main bottleneck that determines the pore 

forming activity. In line with this, the anti-apoptotic members were shown to induce 

pore formation upon proteolysis by caspase-3 (Kirsch et al. 1999; Basañez et al. 

2001). We can then attribute the opposing activity of the anti-apoptotic and 

pro-apoptotic BCL-2 family members, at least partially, to the difference in the protein 

stability and the susceptibility to conformational changes upon binding to BH3-only 

proteins. In addition, we have found that liposome permeabilization of BOK is 

dependent on membrane composition, with increasing the ratio of the 

negatively-charged cardiolipin resulting in more permeabilization, in agreement to 

previous reports. 

 
The interaction between BOK and cBID 

It has been shown in cells and in-vitro experiments that cBID can activate both BAX 

and BAK (Ren et al. 2010). On the other hand, the ability of cBID to activate BOK 
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remained elusive for a long time. Fernández‐Marrero et al. have reported that 

BOK-induced pore formation in liposomes was enhanced by the presence of cBID, 

but BOK failed to induce permeabilization of isolated mitochondria from BAX−/−BAK−/− 

cells, even in the presence of cBID (Fernández‐Marrero et al. 2017). In contrast to 

this, Llambi et. al have shown that cBID has no effect on liposome permeabilization 

by BOK (Llambi et al. 2016). In the latter study, BH3 peptides from six BH3-only 

proteins failed to activate BOK for membrane permeabilization. However, it was 

reported that BID binds to the hydrophobic groove of BOK with a very low affinity 

(Kd∼2.6 mM) compared to BAX and BAK (Zheng et al. 2018). This low affinity was 

explained by structural features of the hydrophobic groove of BOK resolved by NMR. 

We have observed here that cBID does not enhance the permeabilization activity of 

BOK in liposomes. The low affinity between cBID and BOK can partially explain the 

discrepancy of results reported before, as the interaction between the two proteins 

might be only captured using certain concentration ratios and is sensitive to 

variability of recombinant protein production conditions. However, this would raise 

the question of how BOK can oligomerize to form pores, if its hydrophobic groove 

can not accommodate BH3 peptides. It is well established that BH3 helix-into-groove 

interaction is the main mechanism for the homo-oligomerization and subsequent 

pore formation by BAX and BAK (Dewson et al. 2012; Jeng et al. 2018). It is then 

worth investigating whether this is also the case for BOK, or whether there is an 

alternative mechanism that enables BOK oligomerization. 

 
The topology of BOK-induced pores 

We have directly visualized BOK-induced pores in liposomes using negative-stain 

EM. Electron microscopy allows the resolving of structural details in a very high 

resolution and has been previously employed for studying pore forming proteins 

including BAX (Gillies et al. 2015). Here, we have used negative staining to enhance 

the contrast of the acquired images of pores directly induced in liposomes. This 

overcomes the need to use nanogold labeling. We have observed that BOK forms 

pores in the membrane which are similar to those induced by BAX. These results go 

in line with earlier observations that BOK forms large and stable toroidal pores in 

liposomes (Fernández‐Marrero et al. 2017). In addition, the pores exhibited the 

same diameter flexibility like BAX and BAK, and no protein density was detected on 

the pore rims. It is worth mentioning that the pores induced by BAX and BAK have a 
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heterogenous proteolipidic nature ( the lumen is lined by both protein and lipid 

headgroups), and is resistant to being isolated and thoroughly studied (Flores‐

Romero et al. 2020; Moldoveanu 2023). This for example was not observed in 

gasdermin-induced pores, which had a much narrower diameter distribution with 

defined protein density around the pores. This characteristic feature of gasdermin 

pore allowed the resolving of the whole pore to a resolution of 4.2 Å using Cryo-EM 

(Ruan et al. 2018). We also observed that pores induced by BOK or BAX increased 

in size upon increasing the protein concentration. We also found that both FL-BOK 

and BOK∆C induced the formation of similar pores, which may indicate that both 

versions of the protein act similarly even if they have different levels of activity. In 

summary, these results provide direct evidence of BOK pore formation in liposomes, 

similar to BAX and BAK, which adds additional evidence for the MOMP effector 

activity of BOK. 

 
The mechanism of BOK oligomerization 

We have employed single-molecule stoichiometry analysis to study the assembly of 

BOK oligomers in supported lipid bilayers composed of 

phosphatidylcholine:cardiolipin. We could detect the formation of a mixture of 

oligomeric species similar to what has been reported for BAX (Subburaj et al. 2015). 

In addition, the extent of BOK oligomerization increased with increasing the protein 

concentration. We can conclude that this oligomerization is specific because it was 

not detected when BOK was imaged on glass or when it was incubated with 

membranes formed from only phosphatidylcholine. This indicates that BOK 

oligomerization is related to its permeabilizing activity, where both are sensitive to 

the membrane composition. In contrast to BAX that has been shown to oligomerize 

based on dimer units, we could not confirm the same mechanism in the case of BOK 

despite detecting some enrichment of oligomeric species that are multiples of 

dimers. 

 
Pro-apoptotic activity of BOK 

In cells, we found that BOK can induce MOMP and apoptosis in the absence of BAX 

and BAK. The magnitude of apoptotic cell death was the same in WT HCT cells, 

HCT BAX−/−BAK−/− cells and HCT AKO cells. This indicates that BOK doesn't act 

upstream of the classical effectors (BAX and BAK) and its pro-apoptotic activity is 
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not affected by the other BCL-2 proteins. Importantly, BOK induced-cell death is 

diminished in HCT casp9−/−, implying that the protein kills cells through the 

mitochondrial pathway of apoptosis. It has been widely reported that most apoptotic 

stimuli cannot induce apoptosis in cells missing both BAX and BAK. This observation 

led to the identification of both proteins as the indispensable apoptotic effectors for a 

long time (Moldoveanu and Czabotar 2020). Still, it was reported that proteasome 

inhibitors can induce apoptosis in these cell lines. Additional evidence that supports 

the effector function of BOK emerged from a recent study that linked SARS-CoV-2 

infection to mitochondrial apoptosis. In that study, BOK was shown to be upregulated 

by the SARS-CoV-2 membrane protein M, resulting in apoptosis that led to lung 

edema in mice (Yang et al. 2022). It was shown that SARS-CoV-2 M protein 

stabilizes BOK through inhibiting its ubiquitination which results in its translocation to 

the mitochondria. The interaction involved the endodomain of M protein and BH2 

domain of BOK. Interestingly, M protein was able to trigger BOK-dependent 

apoptotic pathways in the absence of BAX and BAK. In contrast to this, it has been 

shown in a recent paper that endogenous BOK is not constitutively degraded by the 

proteasome, and proteasome inhibitor-induced apoptosis is not mediated by BOK 

(Bonzerato et al. 2022). These controversial findings indicate that the regulation of 

BOK activity is still a key open question. Furthermore, It was also shown that the 

TMDs of BOTH BOK and MCL-1 oligomerize at the mitochondrial membrane 

(Lucendo et al. 2020). The co-expression of Mcl-1 and BOK TMDs enhanced the 

formation of ER mitochondrial-associated membranes, which means that MCL-1 

induced the mitochondrial targeting of BOK. 

 
BOK limited mitochondrial localization and its activity regulation 

We found that, in cells, BOK localizes to the mitochondria, ER and probably other 

cellular membranes, in agreement with previous reports (Echeverry et al. 2013). 

From here, we proposed that BOK activity is controlled through limiting its 

mitochondrial localization and subsequent MOMP. We then generated a BOK 

chimera where the C-terminal tail is replaced with the one from BCL-xL. As 

expected, the mutant was almost completely localized to the mitochondria in 

agreement with the typical localization of BCL-xL. Interestingly, this mutant induced 

apoptotic cell death with a potency similar to BAX. This indicates that BOK is a 

potent MOMP effector, and its activity is inhibited by the lack of mitochondrial 
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accumulation. However, once there, it has the capacity to induce MOMP and 

apoptosis like BAX. This model partially overlaps with the hypothesis of proteasomal 

degradation of BOK reported by (Llambi et al. 2016). Importantly, we decided to graft 

the tail from an antiapoptotic protein (BCL-xL) but not from BAK (which is also 

typically localized to the mitochondria) to exclude the probability that the tail 

contributes to the permeabilization activity of the protein. Our data suggest that the 

regulation of BOK activity is executed through mechanisms that affect its intracellular 

localization, which are yet to be discovered. This chimeric protein can be used to 

further study the role of BOK in mitochondrial apoptosis because it localizes to the 

mitochondria and it is constitutively active. 

 
BOK assemblies revealed by super-resolution microscopy 

STED is a super-resolution microscopy technique that allows for the imaging of 

structures at resolutions beyond the diffraction limit of light, which is around 200-300 

nm. The technique has been employed before to study the localization and 

interactions of BCL-2 proteins within cells. Using STED microscopy, we could detect 

ring-shaped structures formed by BOK in the mitochondria of apoptotic cells. Similar 

structures have been reported before to be formed by BAX and BAK (Cosentino et 

al. 2022). This may indicate that BOK mediates MOMP through a common molecular 

mechanism with BAX and BAK. Still, at this point we cannot firmly conclude that the 

observed structures correspond to pores in the mitochondria. It is also noteworthy 

that these structures were detected upon transient overexpression of BOK, and 

confirmation by imaging of endogenous BOK is still needed. This is challenged by 

the low level of endogenous BOK expression and discrepancy among different cell 

lines. 

https://paperpile.com/c/U11PzQ/zFKb
https://paperpile.com/c/U11PzQ/JwhU
https://paperpile.com/c/U11PzQ/JwhU


31  

5. References 

 
Ader NR, Hoffmann PC, Ganeva I, et al (2019) Molecular and topological 

reorganizations in mitochondrial architecture interplay during Bax-mediated 
steps of apoptosis. Elife 8.: https://doi.org/10.7554/eLife.40712 

Barclay LA, Wales TE, Garner TP, et al (2015) Inhibition of Pro-apoptotic BAX by a 
noncanonical interaction mechanism. Mol Cell 57:873–886 

Basañez G, Zhang J, Chau BN, et al (2001) Pro-apoptotic cleavage products of 
Bcl-xL form cytochrome c-conducting pores in pure lipid membranes. J Biol 
Chem 276:31083–31091 

Beroukhim R, Mermel CH, Porter D, et al (2010a) The landscape of somatic 
copy-number alteration across human cancers. Nature 463:899–905 

Beroukhim R, Meyerson M, Garraway L, Prensner J (2010b) Abstract 5759: The 
landscape of copy-number changes across multiple human cancer types. 
Cancer Res 70:5759–5759 

Bleicken S, Hantusch A, Das KK, et al (2017) Quantitative interactome of a 
membrane Bcl-2 network identifies a hierarchy of complexes for apoptosis 
regulation. Nat Commun 8:73 

Bock FJ, Tait SWG (2020) Mitochondria as multifaceted regulators of cell death. Nat 
Rev Mol Cell Biol 21:85–100 

Bonzerato CG, Keller KR, Schulman JJ, et al (2022) Endogenous Bok is stable at 
the endoplasmic reticulum membrane and does not mediate proteasome 
inhibitor-induced apoptosis. Frontiers in Cell and Developmental Biology 10 

Campbell KJ, Tait SWG (2018) Targeting BCL-2 regulated apoptosis in cancer. Open 
Biology 8:180002 

Carberry S, D’Orsi B, Monsefi N, et al (2018) The BAX/BAK-like protein BOK is a 
prognostic marker in colorectal cancer. Cell Death Dis 9:125 

Carpio MA, Means RE, Brill AL, et al (2021) BOK controls apoptosis by Ca transfer 
through ER-mitochondrial contact sites. Cell Rep 34:108827 

Carpio MA, Michaud M, Zhou W, et al (2015) BCL-2 family member BOK promotes 
apoptosis in response to endoplasmic reticulum stress. Proc Natl Acad Sci U S 
A 112:7201–7206 

Chipuk JE, Luna-Vargas MP (2016) Cell Biology: ERADicating Survival with BOK. 
Curr. Biol. 26:R473–6 

Chou JJ, Li H, Salvesen GS, et al (1999) Solution structure of BID, an intracellular 
amplifier of apoptotic signaling. Cell 96:615–624 

http://paperpile.com/b/U11PzQ/rxvM
http://paperpile.com/b/U11PzQ/rxvM
http://paperpile.com/b/U11PzQ/rxvM
http://dx.doi.org/10.7554/eLife.40712
http://paperpile.com/b/U11PzQ/2qUr
http://paperpile.com/b/U11PzQ/2qUr
http://paperpile.com/b/U11PzQ/OEev
http://paperpile.com/b/U11PzQ/OEev
http://paperpile.com/b/U11PzQ/OEev
http://paperpile.com/b/U11PzQ/HW6d
http://paperpile.com/b/U11PzQ/HW6d
http://paperpile.com/b/U11PzQ/pWJ7
http://paperpile.com/b/U11PzQ/pWJ7
http://paperpile.com/b/U11PzQ/pWJ7
http://paperpile.com/b/U11PzQ/gPAJ
http://paperpile.com/b/U11PzQ/gPAJ
http://paperpile.com/b/U11PzQ/gPAJ
http://paperpile.com/b/U11PzQ/f3OZ
http://paperpile.com/b/U11PzQ/f3OZ
http://paperpile.com/b/U11PzQ/yan9
http://paperpile.com/b/U11PzQ/yan9
http://paperpile.com/b/U11PzQ/yan9
http://paperpile.com/b/U11PzQ/Ua8X
http://paperpile.com/b/U11PzQ/Ua8X
http://paperpile.com/b/U11PzQ/FVeh
http://paperpile.com/b/U11PzQ/FVeh
http://paperpile.com/b/U11PzQ/0Oew
http://paperpile.com/b/U11PzQ/0Oew
http://paperpile.com/b/U11PzQ/3xDu
http://paperpile.com/b/U11PzQ/3xDu
http://paperpile.com/b/U11PzQ/3xDu
http://paperpile.com/b/U11PzQ/2e8c
http://paperpile.com/b/U11PzQ/2e8c
http://paperpile.com/b/U11PzQ/vfSC
http://paperpile.com/b/U11PzQ/vfSC


32  

Cosentino K, García-Sáez AJ (2017) Bax and Bak Pores: Are We Closing the 
Circle? Trends Cell Biol 27:266–275 

Cosentino K, Hertlein V, Jenner A, et al (2022) The interplay between BAX and BAK 
tunes apoptotic pore growth to control mitochondrial-DNA-mediated 
inflammation. Mol Cell 82:933–949.e9 

Cournia Z, Allen TW, Andricioaei I, et al (2015) Membrane Protein Structure, 
Function, and Dynamics: a Perspective from Experiments and Theory. The 
Journal of Membrane Biology 248:611–640 

Cui J, Zhao S, Li Y, et al (2021) Regulated cell death: discovery, features and 
implications for neurodegenerative diseases. Cell Commun Signal 19:120 

Czabotar PE, Lessene G, Strasser A, Adams JM (2014) Control of apoptosis by the 
BCL-2 protein family: implications for physiology and therapy. Nat Rev Mol Cell 
Biol 15:49–63 

Czabotar PE, Westphal D, Dewson G, et al (2013) Bax crystal structures reveal how 
BH3 domains activate Bax and nucleate its oligomerization to induce apoptosis. 
Cell 152:519–531 

Dewson G, Ma S, Frederick P, et al (2012) Bax dimerizes via a symmetric 
BH3:groove interface during apoptosis. Cell Death & Differentiation 19:661–670 

Echeverry N, Bachmann D, Ke F, et al (2013) Intracellular localization of the BCL-2 
family member BOK and functional implications. Cell Death Differ 20:785–799 

Edlich F, Banerjee S, Suzuki M, et al (2011) Bcl-x(L) retrotranslocates Bax from the 
mitochondria into the cytosol. Cell 145:104–116 

Einsele-Scholz S, Malmsheimer S, Bertram K, et al (2016) Bok is a genuine 
multi-BH-domain protein that triggers apoptosis in the absence of Bax and Bak. 
J Cell Sci 129:3054 

Fernandez-Marrero Y, Bachmann D, Lauber E, Kaufmann T (2018) Negative 
Regulation of BOK Expression by Recruitment of TRIM28 to Regulatory 
Elements in Its 3′ Untranslated Region. iScience 9:461–474 

Fernández‐Marrero Y, Bleicken S, Das KK, et al (2017) The membrane activity of 

BOK involves formation of large, stable toroidal pores and is promoted by cBID. 
The FEBS Journal 284:711–724 

Flores-Romero H, García-Sáez AJ (2019) The Incomplete Puzzle of the BCL2 
Proteins. Cells 8.: https://doi.org/10.3390/cells8101176 

Flores‐Romero H, Ros U, Garcia‐Saez AJ (2020) Pore formation in regulated cell 
death. The EMBO Journal 39 

Fuchs Y, Steller H (2011) Programmed Cell Death in Animal Development and 
Disease. Cell 147:1640 

http://paperpile.com/b/U11PzQ/Lbvn
http://paperpile.com/b/U11PzQ/Lbvn
http://paperpile.com/b/U11PzQ/JwhU
http://paperpile.com/b/U11PzQ/JwhU
http://paperpile.com/b/U11PzQ/JwhU
http://paperpile.com/b/U11PzQ/opey
http://paperpile.com/b/U11PzQ/opey
http://paperpile.com/b/U11PzQ/opey
http://paperpile.com/b/U11PzQ/ZZok
http://paperpile.com/b/U11PzQ/ZZok
http://paperpile.com/b/U11PzQ/3JYZ
http://paperpile.com/b/U11PzQ/3JYZ
http://paperpile.com/b/U11PzQ/3JYZ
http://paperpile.com/b/U11PzQ/JvfD
http://paperpile.com/b/U11PzQ/JvfD
http://paperpile.com/b/U11PzQ/JvfD
http://paperpile.com/b/U11PzQ/dMkk
http://paperpile.com/b/U11PzQ/dMkk
http://paperpile.com/b/U11PzQ/NzlF
http://paperpile.com/b/U11PzQ/NzlF
http://paperpile.com/b/U11PzQ/gRZk
http://paperpile.com/b/U11PzQ/gRZk
http://paperpile.com/b/U11PzQ/DvCu
http://paperpile.com/b/U11PzQ/DvCu
http://paperpile.com/b/U11PzQ/DvCu
http://paperpile.com/b/U11PzQ/6tWG
http://paperpile.com/b/U11PzQ/6tWG
http://paperpile.com/b/U11PzQ/6tWG
http://paperpile.com/b/U11PzQ/i37i
http://paperpile.com/b/U11PzQ/i37i
http://paperpile.com/b/U11PzQ/i37i
http://paperpile.com/b/U11PzQ/7HZB
http://paperpile.com/b/U11PzQ/7HZB
http://dx.doi.org/10.3390/cells8101176
http://paperpile.com/b/U11PzQ/M9M4
http://paperpile.com/b/U11PzQ/M9M4
http://paperpile.com/b/U11PzQ/P44D
http://paperpile.com/b/U11PzQ/P44D


33  

Galluzzi L, Pedro JMB-S, Kepp O, Kroemer G (2016) Regulated cell death and 
adaptive stress responses. Cellular and Molecular Life Sciences 73:2405–2410 

Galluzzi L, Vitale I, Aaronson SA, et al (2018) Molecular mechanisms of cell death: 
recommendations of the Nomenclature Committee on Cell Death 2018. Cell 
Death Differ 25:486–541 

Gao S, Fu W, Dürrenberger M, et al (2005) Membrane translocation and 
oligomerization of hBok are triggered in response to apoptotic stimuli and Bnip3. 
Cell Mol Life Sci 62:1015–1024 

Gavathiotis E, Suzuki M, Davis ML, et al (2008) BAX Activation is Initiated at a Novel 
Interaction Site 

Ghavami S, Shojaei S, Yeganeh B, et al (2014) Autophagy and apoptosis 
dysfunction in neurodegenerative disorders. Progress in Neurobiology 
112:24–49 

Gillies LA, Du H, Peters B, et al (2015) Visual and functional demonstration of 
growing Bax-induced pores in mitochondrial outer membranes. Mol Biol Cell 
26:339–349 

Happo L, Strasser A, Cory S (2012) BH3-only proteins in apoptosis at a glance. 
Journal of Cell Science 125:1081–1087 

Hardwick JM, Soane L (2013) Multiple Functions of BCL-2 Family Proteins. Cold 
Spring Harbor Perspectives in Biology 5:a008722–a008722 

Hinds MG, Smits C, Fredericks-Short R, et al (2007) Bim, Bad and Bmf: intrinsically 
unstructured BH3-only proteins that undergo a localized conformational change 
upon binding to prosurvival Bcl-2 targets. Cell Death Differ 14:128–136 

Hsu SY, Kaipia A, McGee E, et al (1997) Bok is a pro-apoptotic Bcl-2 protein with 
restricted expression in reproductive tissues and heterodimerizes with selective 
anti-apoptotic Bcl-2 family members. Proc Natl Acad Sci U S A 94:12401–12406 

Huang K, Zhang J, O’Neill KL, et al (2016) Cleavage by Caspase 8 and 
Mitochondrial Membrane Association Activate the BH3-only Protein Bid during 
TRAIL-induced Apoptosis. J Biol Chem 291:11843–11851 

Inohara N, Ekhterae D, Garcia I, et al (1998) Mtd, a novel Bcl-2 family member 
activates apoptosis in the absence of heterodimerization with Bcl-2 and Bcl-XL. 
J Biol Chem 273:8705–8710 

Ivanova H, Vervliet T, Missiaen L, et al (2014) Inositol 1,4,5-trisphosphate 
receptor-isoform diversity in cell death and survival. Biochim Biophys Acta 
1843:2164–2183 

Jeng PS, Inoue-Yamauchi A, Hsieh JJ, Cheng EH (2018) BH3-dependent and 
independent activation of BAX and BAK in mitochondrial apoptosis. Current 
Opinion in Physiology 3:71–81 

http://paperpile.com/b/U11PzQ/7h4U
http://paperpile.com/b/U11PzQ/7h4U
http://paperpile.com/b/U11PzQ/CEW5
http://paperpile.com/b/U11PzQ/CEW5
http://paperpile.com/b/U11PzQ/CEW5
http://paperpile.com/b/U11PzQ/dMXy
http://paperpile.com/b/U11PzQ/dMXy
http://paperpile.com/b/U11PzQ/dMXy
http://paperpile.com/b/U11PzQ/PIf5
http://paperpile.com/b/U11PzQ/PIf5
http://paperpile.com/b/U11PzQ/VrpG
http://paperpile.com/b/U11PzQ/VrpG
http://paperpile.com/b/U11PzQ/VrpG
http://paperpile.com/b/U11PzQ/q6Bc
http://paperpile.com/b/U11PzQ/q6Bc
http://paperpile.com/b/U11PzQ/q6Bc
http://paperpile.com/b/U11PzQ/s4wl
http://paperpile.com/b/U11PzQ/s4wl
http://paperpile.com/b/U11PzQ/Nx1X
http://paperpile.com/b/U11PzQ/Nx1X
http://paperpile.com/b/U11PzQ/gmbK
http://paperpile.com/b/U11PzQ/gmbK
http://paperpile.com/b/U11PzQ/gmbK
http://paperpile.com/b/U11PzQ/ZoqH
http://paperpile.com/b/U11PzQ/ZoqH
http://paperpile.com/b/U11PzQ/ZoqH
http://paperpile.com/b/U11PzQ/PUSe
http://paperpile.com/b/U11PzQ/PUSe
http://paperpile.com/b/U11PzQ/PUSe
http://paperpile.com/b/U11PzQ/hesl
http://paperpile.com/b/U11PzQ/hesl
http://paperpile.com/b/U11PzQ/hesl
http://paperpile.com/b/U11PzQ/oK0U
http://paperpile.com/b/U11PzQ/oK0U
http://paperpile.com/b/U11PzQ/oK0U
http://paperpile.com/b/U11PzQ/iUWA
http://paperpile.com/b/U11PzQ/iUWA
http://paperpile.com/b/U11PzQ/iUWA


34  

Julien O, Wells JA (2017) Caspases and their substrates. Cell Death Differ 24:1380–
1389 

Kale J, Osterlund EJ, Andrews DW (2018) BCL-2 family proteins: changing partners 
in the dance towards death. Cell Death Differ 25:65–80 

Kalkavan H, Green DR (2018) MOMP, cell suicide as a BCL-2 family business. Cell 
Death Differ 25:46–55 

Ke FFS, Vanyai HK, Cowan AD, et al (2018) Embryogenesis and Adult Life in the 
Absence of Intrinsic Apoptosis Effectors BAX, BAK, and BOK. Cell 173:1217–
1230.e17 

Ke F, Voss A, Kerr JB, et al (2012) BCL-2 family member BOK is widely expressed 
but its loss has only minimal impact in mice. Cell Death Differ 19:915–925 

Kirsch DG, Doseff A, Chau BN, et al (1999) Caspase-3-dependent cleavage of Bcl-2 
promotes release of cytochrome c. J Biol Chem 274:21155–21161 

Kroemer G, Galluzzi L, Vandenabeele P, et al (2009) Classification of cell death: 
recommendations of the Nomenclature Committee on Cell Death 2009. Cell 
Death Differ 16:3–11 

Lindsten T, Ross AJ, King A, et al (2000) The combined functions of proapoptotic 
Bcl-2 family members bak and bax are essential for normal development of 
multiple tissues. Mol Cell 6:1389–1399 

Llambi F, Moldoveanu T, Tait SWG, et al (2011) A unified model of mammalian 
BCL-2 protein family interactions at the mitochondria. Mol Cell 44:517–531 

Llambi F, Wang Y-M, Victor B, et al (2016) BOK Is a Non-canonical BCL-2 Family 
Effector of Apoptosis Regulated by ER-Associated Degradation. Cell 165:421–
433 

Lucendo E, Sancho M, Lolicato F, et al (2020) Mcl-1 and Bok transmembrane 
domains: Unexpected players in the modulation of apoptosis. Proc Natl Acad 
Sci U S A 117:27980–27988 

McArthur K, Whitehead LW, Heddleston JM, et al (2018) BAK/BAX macropores 
facilitate mitochondrial herniation and mtDNA efflux during apoptosis. Science 
359.: https://doi.org/10.1126/science.aao6047 

McDonnell JM, Fushman D, Milliman CL, et al (1999) Solution structure of the 
proapoptotic molecule BID: a structural basis for apoptotic agonists and 
antagonists. Cell 96:625–634 

Miles MA, Hawkins CJ (2017) Executioner caspases and CAD are essential for 
mutagenesis induced by TRAIL or vincristine. Cell Death & Disease 8:e3062–
e3062 

Moldoveanu T (2023) Apoptotic mitochondrial poration by a growing list of 
pore-forming BCL-2 family proteins. Bioessays e2200221 

http://paperpile.com/b/U11PzQ/zWJS
http://paperpile.com/b/U11PzQ/zWJS
http://paperpile.com/b/U11PzQ/zWJS
http://paperpile.com/b/U11PzQ/oAcG
http://paperpile.com/b/U11PzQ/oAcG
http://paperpile.com/b/U11PzQ/Sg92
http://paperpile.com/b/U11PzQ/Sg92
http://paperpile.com/b/U11PzQ/kjeO
http://paperpile.com/b/U11PzQ/kjeO
http://paperpile.com/b/U11PzQ/kjeO
http://paperpile.com/b/U11PzQ/kjeO
http://paperpile.com/b/U11PzQ/5L2F
http://paperpile.com/b/U11PzQ/5L2F
http://paperpile.com/b/U11PzQ/Y3vm
http://paperpile.com/b/U11PzQ/Y3vm
http://paperpile.com/b/U11PzQ/hAig
http://paperpile.com/b/U11PzQ/hAig
http://paperpile.com/b/U11PzQ/hAig
http://paperpile.com/b/U11PzQ/U5o2
http://paperpile.com/b/U11PzQ/U5o2
http://paperpile.com/b/U11PzQ/U5o2
http://paperpile.com/b/U11PzQ/Z2b7
http://paperpile.com/b/U11PzQ/Z2b7
http://paperpile.com/b/U11PzQ/zFKb
http://paperpile.com/b/U11PzQ/zFKb
http://paperpile.com/b/U11PzQ/zFKb
http://paperpile.com/b/U11PzQ/zFKb
http://paperpile.com/b/U11PzQ/skn3
http://paperpile.com/b/U11PzQ/skn3
http://paperpile.com/b/U11PzQ/skn3
http://paperpile.com/b/U11PzQ/OoMX
http://paperpile.com/b/U11PzQ/OoMX
http://paperpile.com/b/U11PzQ/OoMX
http://dx.doi.org/10.1126/science.aao6047
http://paperpile.com/b/U11PzQ/Zp8F
http://paperpile.com/b/U11PzQ/Zp8F
http://paperpile.com/b/U11PzQ/Zp8F
http://paperpile.com/b/U11PzQ/jAsa
http://paperpile.com/b/U11PzQ/jAsa
http://paperpile.com/b/U11PzQ/jAsa
http://paperpile.com/b/U11PzQ/jAsa
http://paperpile.com/b/U11PzQ/9J0G
http://paperpile.com/b/U11PzQ/9J0G


35  

Moldoveanu T, Czabotar PE (2020) BAX, BAK, and BOK: A Coming of Age for the 
BCL-2 Family Effector Proteins. Cold Spring Harbor Perspectives in Biology 
12:a036319 

Montero J, Letai A (2018) Why do BCL-2 inhibitors work and where should we use 
them in the clinic? Cell Death Differ 25:56–64 

Moravcikova E, Krepela E, Donnenberg VS, et al (2017) BOK displays cell 
death-independent tumor suppressor activity in non-small-cell lung carcinoma. 
Int J Cancer 141:2050–2061 

Naim S, Kaufmann T (2020) The Multifaceted Roles of the BCL-2 Family Member 
BOK. Front Cell Dev Biol 8:574338 

Pagliari LJ, Kuwana T, Bonzon C, et al (2005) The multidomain proapoptotic 
molecules Bax and Bak are directly activated by heat. Proc Natl Acad Sci U S A 
102:17975–17980 

Ren D, Tu H-C, Kim H, et al (2010) BID, BIM, and PUMA are essential for activation 
of the BAX- and BAK-dependent cell death program. Science 330:1390–1393 

Riley JS, Quarato G, Cloix C, et al (2018) Mitochondrial inner membrane 
permeabilisation enables mtDNA release during apoptosis. EMBO J 37.: 
https://doi.org/10.15252/embj.201899238 

Rodriguez JM, Glozak MA, Ma Y, Cress WD (2006) Bok, Bcl-2-related Ovarian Killer, 
Is Cell Cycle-regulated and Sensitizes to Stress-induced Apoptosis. J Biol Chem 
281:22729–22735 

Ruan J, Xia S, Liu X, et al (2018) Cryo-EM structure of the gasdermin A3 membrane 
pore. Nature 557:62–67 

Salvador-Gallego R, Mund M, Cosentino K, et al (2016) Bax assembly into rings and 
arcs in apoptotic mitochondria is linked to membrane pores. EMBO J 35:389–
401 

Schulman JJ, Szczesniak LM, Bunker EN, et al (2019) Bok regulates mitochondrial 
fusion and morphology. Cell Death Differ 26:2682–2694 

Schulman JJ, Wright FA, Han X, et al (2016) The Stability and Expression Level of 
Bok Are Governed by Binding to Inositol 1,4,5-Trisphosphate Receptors. J Biol 
Chem 291:11820–11828 

Sender R, Milo R (2021) The distribution of cellular turnover in the human body. Nat 
Med 27:45–48 

Shalaby R, Flores-Romero H, García-Sáez AJ (2020) The Mysteries around the 
BCL-2 Family Member BOK. Biomolecules 10.: 
https://doi.org/10.3390/biom10121638 

Shamas-Din A, Kale J, Leber B, Andrews DW (2013) Mechanisms of action of Bcl-2 
family proteins. Cold Spring Harb Perspect Biol 5:a008714 

http://paperpile.com/b/U11PzQ/bnSS
http://paperpile.com/b/U11PzQ/bnSS
http://paperpile.com/b/U11PzQ/bnSS
http://paperpile.com/b/U11PzQ/C4eM
http://paperpile.com/b/U11PzQ/C4eM
http://paperpile.com/b/U11PzQ/LaRL
http://paperpile.com/b/U11PzQ/LaRL
http://paperpile.com/b/U11PzQ/LaRL
http://paperpile.com/b/U11PzQ/0WIN
http://paperpile.com/b/U11PzQ/0WIN
http://paperpile.com/b/U11PzQ/Cq2J
http://paperpile.com/b/U11PzQ/Cq2J
http://paperpile.com/b/U11PzQ/Cq2J
http://paperpile.com/b/U11PzQ/v8dI
http://paperpile.com/b/U11PzQ/v8dI
http://paperpile.com/b/U11PzQ/UABF
http://paperpile.com/b/U11PzQ/UABF
http://paperpile.com/b/U11PzQ/UABF
http://dx.doi.org/10.15252/embj.201899238
http://paperpile.com/b/U11PzQ/1RQf
http://paperpile.com/b/U11PzQ/1RQf
http://paperpile.com/b/U11PzQ/1RQf
http://paperpile.com/b/U11PzQ/yw6s
http://paperpile.com/b/U11PzQ/yw6s
http://paperpile.com/b/U11PzQ/rfMV
http://paperpile.com/b/U11PzQ/rfMV
http://paperpile.com/b/U11PzQ/rfMV
http://paperpile.com/b/U11PzQ/rfMV
http://paperpile.com/b/U11PzQ/PgAj
http://paperpile.com/b/U11PzQ/PgAj
http://paperpile.com/b/U11PzQ/xXeB
http://paperpile.com/b/U11PzQ/xXeB
http://paperpile.com/b/U11PzQ/xXeB
http://paperpile.com/b/U11PzQ/IlBx
http://paperpile.com/b/U11PzQ/IlBx
http://paperpile.com/b/U11PzQ/Vwnf
http://paperpile.com/b/U11PzQ/Vwnf
http://paperpile.com/b/U11PzQ/Vwnf
http://dx.doi.org/10.3390/biom10121638
http://paperpile.com/b/U11PzQ/AZqE
http://paperpile.com/b/U11PzQ/AZqE


36  

Srivastava R, Cao Z, Nedeva C, et al (2019) BCL-2 family protein BOK is a positive 
regulator of uridine metabolism in mammals. Proc Natl Acad Sci U S A 
116:15469–15474 

Stehle D, Grimm M, Einsele-Scholz S, et al (2018) Contribution of BH3-domain and 
Transmembrane-domain to the Activity and Interaction of the Pore-forming Bcl-2 
Proteins Bok, Bak, and Bax. Sci Rep 8:12434 

Strasser A, Jost PJ, Nagata S (2009) The many roles of FAS receptor signaling in 
the immune system. Immunity 30:180–192 

Subburaj Y, Cosentino K, Axmann M, et al (2015) Bax monomers form dimer units in 
the membrane that further self-assemble into multiple oligomeric species. Nat 
Commun 6:8042 

Sun Z, Liu Q, Qu G, et al (2019) Utility of B-Factors in Protein Science: Interpreting 
Rigidity, Flexibility, and Internal Motion and Engineering Thermostability. Chem 
Rev 119:1626–1665 

Szondy Z, Sarang Z, Kiss B, et al (2017) Anti-inflammatory Mechanisms Triggered 
by Apoptotic Cells during Their Clearance. Frontiers in Immunology 8 

Taylor RC, Cullen SP, Martin SJ (2008) Apoptosis: controlled demolition at the 
cellular level. Nat Rev Mol Cell Biol 9:231–241 

Theile CS, Witte MD, Blom AEM, et al (2013) Site-specific N-terminal labeling of 
proteins using sortase-mediated reactions. Nat Protoc 8:1800–1807 

Townsend PA, Kozhevnikova MV, Cexus ONF, et al (2021) BH3-mimetics: recent 
developments in cancer therapy. J Exp Clin Cancer Res 40:355 

Urra H, Dufey E, Lisbona F, et al (2013) When ER stress reaches a dead end. 
Biochimica et Biophysica Acta (BBA) - Molecular Cell Research 1833:3507–
3517 

Wang C, Youle RJ (2012) Predominant requirement of Bax for apoptosis in HCT116 
cells is determined by Mcl-1’s inhibitory effect on Bak. Oncogene 31:3177–3189 

Wilfling F, Weber A, Potthoff S, et al (2012) BH3-only proteins are tail-anchored in 
the outer mitochondrial membrane and can initiate the activation of Bax. Cell 
Death Differ 19:1328–1336 

Williams A, Hayashi T, Wolozny D, et al (2016) The non-apoptotic action of Bcl-xL: 
regulating Ca(2+) signaling and bioenergetics at the ER-mitochondrion interface. 
J Bioenerg Biomembr 48:211–225 

Wong RSY (2011) Apoptosis in cancer: from pathogenesis to treatment. Journal of 
Experimental & Clinical Cancer Research 30 

Yakovlev AG, Di Giovanni S, Wang G, et al (2004) BOK and NOXA are essential 
mediators of p53-dependent apoptosis. J Biol Chem 279:28367–28374 

http://paperpile.com/b/U11PzQ/LIq3
http://paperpile.com/b/U11PzQ/LIq3
http://paperpile.com/b/U11PzQ/LIq3
http://paperpile.com/b/U11PzQ/vssL
http://paperpile.com/b/U11PzQ/vssL
http://paperpile.com/b/U11PzQ/vssL
http://paperpile.com/b/U11PzQ/ASzs
http://paperpile.com/b/U11PzQ/ASzs
http://paperpile.com/b/U11PzQ/uAlU
http://paperpile.com/b/U11PzQ/uAlU
http://paperpile.com/b/U11PzQ/uAlU
http://paperpile.com/b/U11PzQ/PP4X
http://paperpile.com/b/U11PzQ/PP4X
http://paperpile.com/b/U11PzQ/PP4X
http://paperpile.com/b/U11PzQ/b7jy
http://paperpile.com/b/U11PzQ/b7jy
http://paperpile.com/b/U11PzQ/37ep
http://paperpile.com/b/U11PzQ/37ep
http://paperpile.com/b/U11PzQ/CNam
http://paperpile.com/b/U11PzQ/CNam
http://paperpile.com/b/U11PzQ/5Iq0
http://paperpile.com/b/U11PzQ/5Iq0
http://paperpile.com/b/U11PzQ/owlC
http://paperpile.com/b/U11PzQ/owlC
http://paperpile.com/b/U11PzQ/owlC
http://paperpile.com/b/U11PzQ/owlC
http://paperpile.com/b/U11PzQ/zKD1
http://paperpile.com/b/U11PzQ/zKD1
http://paperpile.com/b/U11PzQ/E00k
http://paperpile.com/b/U11PzQ/E00k
http://paperpile.com/b/U11PzQ/E00k
http://paperpile.com/b/U11PzQ/HQV8
http://paperpile.com/b/U11PzQ/HQV8
http://paperpile.com/b/U11PzQ/HQV8
http://paperpile.com/b/U11PzQ/SxXJ
http://paperpile.com/b/U11PzQ/SxXJ
http://paperpile.com/b/U11PzQ/fhi9
http://paperpile.com/b/U11PzQ/fhi9


37  

Yang Y, Wu Y, Meng X, et al (2022) SARS-CoV-2 membrane protein causes the 
mitochondrial apoptosis and pulmonary edema via targeting BOK. Cell Death 
Differ 29:1395–1408 

Zheng JH, Grace CR, Guibao CD, et al (2018) Intrinsic Instability of BOK Enables 
Membrane Permeabilization in Apoptosis. Cell Rep 23:2083–2094.e6 

http://paperpile.com/b/U11PzQ/n2WD
http://paperpile.com/b/U11PzQ/n2WD
http://paperpile.com/b/U11PzQ/n2WD
http://paperpile.com/b/U11PzQ/RCU9
http://paperpile.com/b/U11PzQ/RCU9


38  

6. Appendix 

Accepted publications 



39  



40  



41  



42  



43  



44  



45  



46  



47  



48  



49  

 
 
 
 
 



50  



51  



52  



53  

 



54  



55  



56  

 
 
 
 



57  



58  



59  



60  



61  



62  



63  



64  

 
 
 
 



65  



66  



67  



68  



69  



70  



71  



72  



73  



74  



75  



76  



77  



78  

 
 


