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ll. 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.



lll. 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 &auleren
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 Fahigkeit, bei
Uberexpression Apoptose auszulésen, als pro-apoptotisches Protein eingestuft wird.
Derzeit wird angenommen, dass BOK als BAX-ahnliches 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 hauptsachlich
an den Membranen des endoplasmatischen Retikulums (ER) und des
Golgi-Apparats lokalisiert. Es ist bekannt, dass BOK bei verschiedenen Krebsarten,
darunter Eierstockkrebs und Gebarmutterhalskrebs, Uberexprimiert ist, weshalb es
mitunter als potenzieller prognostischer Marker flr Krebs untersucht wird. In der
vorliegenden Arbeit haben wir BOK-Poren in Liposomen mit Hilfe von
Negativfarbung-Elektronenmikroskopie direkt sichtbar gemacht. Strukturell ahneln
die Poren denen, die durch BAX gebildet werden, was auf vergleichbare
Oligomerisierungseigenschaften beider Proteine bei der Porenbildung schlieen
lasst. Diese Beobachtung wurde zusatzlich durch Einzelmolekul-Mikroskopie
bestatigt, welche zeigte, dass BOK in cardiolipinhaltigen Membranen oligomerisieren
kann. In Ubereinstimmung mit vorangegangenen Untersuchungen haben wir
festgestellt, dass die porenbildende Aktivitdat von BOK durch dessen thermische
Stabilitat erklart werden kann. AulRerdem fanden wir heraus, dass die apoptotische
Aktivitat von BOK analog zu, jedoch unabhangig von BAX und BAK ist und von
anderen BCL-2-Proteinen nicht beeinflusst wird. Interessanterweise konnten wir
zeigen, dass die Fahigkeit von BOK, den apoptotischen Zelltod einzuleiten, durch
dessen begrenzte mitochondriale Lokalisierung eingeschrankt ist. Schlie3lich wurde
hochauflosende STED-Mikroskopie verwendet, um die molekulare Organisation von

BOK in apoptotischen Mitochondrien zu visualisieren. Wir konnten zeigen, dass BOK



punktartige und ringférmige Anordnungen bildet, ahnlich derer, die fir 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

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 Garcia-Saez 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,

10
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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 (a5 and a6) 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 a2—a5 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 a-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

11
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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 Garcia-Saez 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
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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
(Fernandez-Marrero et al. 2017). In that study, BOK pores were reported to be large
enough to pass large molecules like cytochrome ¢ (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 a1 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 PO and P1 are occluded by
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the helix a3, 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 a1 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 BAX7"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 BOK7"BAX/"BAK™~ mice had more severe
defects and died earlier than BAX7"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 BAX7-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 (Ilvanova 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

16


https://paperpile.com/c/U11PzQ/zFKb
https://paperpile.com/c/U11PzQ/skn3
https://paperpile.com/c/U11PzQ/Nx1X
https://paperpile.com/c/U11PzQ/5L2F
https://paperpile.com/c/U11PzQ/oK0U
https://paperpile.com/c/U11PzQ/xXeB
https://paperpile.com/c/U11PzQ/0Oew
https://paperpile.com/c/U11PzQ/PgAj

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.
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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, | 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

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

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

the manuscript. | 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
| contributed to the assessment of the accuracy of the pipeline on
experimentally-obtained and simulated data, and in writing the manuscript. | 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 a1 helix, exposure
of BH3 domain and disengagement of core (a2—a5) from latch (a6—a8) 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 BAX7"BAK”/"BOK™~ mice than in BAX7/"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 (Fernandez-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 (BOKAC). 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, BOKAC 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 BOKAC (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; Basafez 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. Fernandez-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 (Fernandez-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 (Fernandez-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 A 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 BOKAC 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 casp97", 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 (LIlambi 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.
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Visualization of BOK pores independent of BAX and BAK reveals
a similar mechanism with differing regulation
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BOK is a poorly understood member of the BCL-2 family of proteins that has been proposed to function as a pro-apoptotic, BAX-like
effector. However, the molecular mechanism and structural properties of BOK pores remain enigmatic. Here, we show that the
thermal stability and pore activity of BOK depends on the presence of its C-terminus as well as on the mitochondrial lipid
cardiolipin. We directly visualized BOK pores in liposomes by electron microscopy, which appeared similar to those induced by BAX,
in line with comparable oligomerization properties quantified by single molecule imaging. In addition, super-resolution STED
imaging revealed that BOK organized into dots and ring-shaped assemblies in apoptotic mitochondria, also reminiscent of those
found for BAX and BAK. Yet, unlike BAX and BAK, the apoptotic activity of BOK was limited by partial mitochondrial localization and
was independent of and unaffected by other BCL-2 proteins. These results suggest that, while BOK activity is kept in check by
subcellular localization instead of interaction with BCL-2 family members, the resulting pores are structurally similar to those of BAX

and BAK.

® BOK-induced pores were directly visualized in liposomes using negative staining EM.
® BOK apoptotic activity is comparable to and independent of BAX and BAK, including formation of rings in apoptotic

mitochondria.

® Apoptosis induction by BOK is limited by partial mitochondrial localization.

Cell Death & Differentiation; https://doi.org/10.1038/541418-022-01078-w

INTRODUCTION

The mitochondrial pathway of apoptosis is controlled by the
proteins of the BCL-2 family [1]. The effector proteins BAX and BAK
directly mediate the key step of permeabilization of the
mitochondrial outer membrane (MOM), which releases cyto-
chrome ¢ and Smac into the cytosol to induce the caspases
activation leading to cell death [2-4]. The activity of BAX and BAK
is counteracted by the prosurvival BCL-2 proteins, like BCL-2, BCL-
xL and MCL-1 [5, 6]. The pro-apoptotic BH3-only proteins including
tBID, BIM or PUMA, promote cell death by activating the effectors
and/or blocking the anti-apoptotic family members [3].

BCL-2 related ovarian killer (BOK) is BCL-2 family member was
initially categorized as a pro-apoptotic BCL-2 family member
based on sequence similarity with BAX and BAK and on transient
overexpression experiments [7]. This view was supported by
studies reporting that overexpression of BOK can induce
membrane permeabilization and mitochondrial apoptosis, inde-
pendent of BAX and BAK [8]. The increased severity of the
phenotype of BAX '~ BAK ™'~ BOK™’~ mice compared to BAX "/
BAK '~ animals provided additional support for this model [9].

The structure of inactive, monomeric BOK in soluble form
presents the typical BCL-2 fold [9, 10], with two central
hydrophobic helices surrounded by amphipathic a-helices [11].
The two central helices of BCL-2 effector proteins become
embedded in the membrane when the protein is activated,
leading to permeabilization [12-14]. The structure of BOK
additionally contained an occluded hydrophobic groove that
could underlie the inability to interact with the BH3 domain of
BH3-only proteins. It has been proposed that BOK can interact
with MCL-1 and BFL-1 via its BH3-domain, but not with other
antiapoptotic proteins [7, 15]. This is a distinct feature of BOK and
suggests alternative regulatory mechanisms. Accordingly, BOK is
maintained at low levels by proteasomal degradation, which upon
ER stress lead to BOK accumulation and cell death induction [8].

Despite these recent advances, BOK remains an enigmatic
protein far less understood than most BCL-2 family members. One
key aspect is whether BOK is able to mediate mitochondrial
permeabilization directly via the opening of membrane pores.
Related to this, little is known about the molecular mechanism
underlying the pore activity of BOK and how it compares to that of
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BAX and BAK, especially regarding the role of protein oligomer-
ization, as well as regulation of the pore activity.

Here, we studied the properties of BOK pores independent of
BAX and BAK by combining experiments in chemically controlled
systems with model membranes and in cells. We directly visualize
BOK nanoscale assemblies and membrane pores, which presented
similar properties to those of BAX and BAK, in line with
comparable oligomerization properties. However, in contrast to
BAX and BAK, the apoptotic activity of BOK was lower compared
to them and was not affected by other pro- and anti-apoptotic
BCL-2 proteins. Our data indicate that BOK can directly act as a
BCL-2 effector independently of BAX and BAK, albeit with reduced
efficiency due to limited mitochondrial localization.

RESULTS

The C-terminus of BOK determines thermostability and pore
forming activity

To investigate the interaction of BOK with membranes, we
produced recombinant, monomeric, human BOK lacking the last
24 amino acids corresponding to the C-terminal membrane
anchor (hereafter BOKAC) (Fig. 1A and S1), similar to [10, 16]. We
also generated full length BOK (FL-BOK) using a similar strategy to
BAX and BCL-xL [17, 18]. We obtained a much lower yield, with FL-
BOK eluting as a mixture monomers and dimers (Fig. S1). BOKAC
was then fluorescently tagged using sortase A enzyme with 95%
efficiency and 1:1 stoichiometry (Fig. S2 and Materials and
methods).

We used liposome permeabilization assays to compare the pore
forming activity of FL-BOK and BOKAC in vitro. By monitoring
calcein release from large unilamellar vesicles (LUVs), we found
that BOKAC could efficiently permeabilize liposomes, with a
composition containing cardiolipin as a simplistic model of the
MOM, in a concentration-dependent manner (Fig. 1B), in
agreement with previous work [10, 16]. This indicates that the
membrane permeabilizing activity of BOK does not require the
transmembrane C-terminal region, even if it plays a role in
membrane targeting in cells [19]. The extent of permeabilization
correlated with the amount of the negatively charged lipid
cardiolipin in the liposomes (Fig. 1C). Cardiolipin is a
mitochondria-specific phospholipid containing four acyl chains
that induces negative membrane curvature, which may also
contribute to pore activity. It has been reported to be a key lipid in
pore formation by BCL-2 proteins [16, 20-23], although other
negatively charged lipids like phosphatidylglycerol can promote
comparable pore activity in vitro [16].

BOKAC was able to spontaneously relocate to liposomes and to
induce their permeabilization at room temperature (Fig. 1B-D),
unlike BAX (in full-length form), which required co-incubation with
¢BID for its activation. Neither for BAKAC, as previous reports
required the use of a histidine tag to drive its association with
liposomes doped with nickel [24-26]. These results, together with
the low effect of ¢BID on BOKAC activation, suggested that
recombinant BOKAC was auto-active under our experimental
conditions. However, the membrane permeabilizing activity of FL-
BOK (dimer fraction) in vitro was similar to that of BAX alone and
significantly lower than that of BOKAC at room temperature
(Fig. 1D). Still, cBID did not have a significant effect on FL-BOK
activity, suggesting that it is not as efficient as direct activator as in
the case of BAX.

Previous studies have proposed that these differences between
BOKAC and BAX (and BAK) could be attributed to the difference in
their thermal stability [10]. To check whether the differences in the
pore activity of FL-BOK and BOKAC could be related to this, we
determined the melting temperature of FL-BOK, which to our
surprise, was higher than that of BOKAC and close to that of BAX
(Fig. 1E). We then compared the energetic threshold for BOKAC,
FL-BOK and BAX pore activity by quantifying the extent of LUV

SPRINGER NATURE

permeabilization at different temperatures. As shown in
(Fig. 1F-H), both BAX and FL-BOK could be activated by increasing
the temperature, as previously reported for BAX [27-29]. However,
increasing temperature had no effect on BOKAC.

Direct visualization of BOK pores in liposomes by electron
microscopy

We then aimed at direct imaging of BOK pore formation in
liposomes using negative staining electron microscopy (EM). We
incubated BOKAC, FL-BOK, FL-BAX (activated by cBID) and GSDMD
(activated by Caspasel1) with LUVs for 1 h using 1:100 and of
1:10000 protein:lipid molar ratios. As shown in (Fig. 2A, B), BOKAC
induced liposome alterations depending on protein concentra-
tion. Interestingly, almost all permeabilized liposomes had only
one pore. At low protein amounts BOKAC formed relatively well-
defined pores with a ring shape, which became more irregular and
seemingly associated with membrane invaginations at higher
protein:lipid ratio. At lower concentration they adopted a broad
distribution of diameters ranging between 20 and 50 nm, with the
average around 35 nm (Fig. 2C). With increasing concentration of
BOKAC, the pore diameter increased and often led to complete
rupture of the liposomes.

We could also efficiently detect FL-BOK pores in liposomes,
which presented a similar shape to those of BOKAC, although they
also seemed to induce membrane invaginations at lower
proteinlipid ratio (Fig. 2B). We did not observe a significant
difference in the size of pores formed by BOKAC and FL-BOK,
although the distribution of diameters slightly increased for the
full-length protein (Fig. 20).

When compared to other pore forming proteins involved in cell
death (Fig. 2B, Q), similar results in terms of pore size and shape
were obtained for BOK and BAX pores, suggesting that both
proteins follow the same mechanisms of membrane permeabiliza-
tion. Remarkably, the pores formed by GSDM-D were smaller and
their size distribution was narrower. In addition, protein density at
the pore edge was consistently seen only in the case of GSDM-D.
Instead, in the case of BOK and BAX, no protein density could be
observed around the pore rims, also in line with previous analysis
of BAX pores by EM [13, 30].

BOK exists as a mixture of oligomeric species in the
membrane

These results suggested that BOK follows a similar mechanism of
membrane permeabilization to that of BAX and BAK, for which the
formation of lipid/protein pores is accompanied by assembly into
multiple oligomeric species [21, 28, 31-33]. To compare the
oligomerization properties of BOK in the membrane with those of
BAX, we used total internal reflection fluorescence (TIRF) single-
molecule imaging as in our previous work [28]. We incubated
fluorescently tagged BOKAC 0.5nM and 100nM for 1h with
liposomes, allowing for protein binding and cligomerization [34].
The resulting proteoliposomes were then used to produce
supported lipid bilayers (SLBs), which were imaged with TIRF
microscopy (Fig. 3A).

The brightness of single BOKAC-488 particles in the membrane
showed a broad distribution typical of multiple, coexisting
oligomeric species (Fig. 3B, F). The particle fluorescence intensity
distribution for individual BOKAC-488 particles in SLBs was then
fitted to multiple Gaussians to calculate the relative fraction of
each species (Fig. 3D, E, G, H). The results obtained showed that, in
contrast to BAX and BAK [28, 33, 35], oligomerization took place
without activation by BH3-only proteins or heat incubation. The
size of the oligomers increased with protein concentration,
following a similar trend like BAX but not BAK [35]. While at
lower concentrations BOKAC-488 particles existed as a mixture of
mainly monomers and dimers, with increasing protein density in
the membrane we detected higher oligomeric forms. Oligomeric
species above octamers could not be quantified due to inherent
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Fig. 1 Permeabilizing activity of recombinant BOK in lipid vesicles depends on the C-terminus and the membrane lipid composition.
A Structure of human BOKAC (PDB:6CKV) with the BH domains highlighted in different colors; BH1: orange, BH2: green, BH3: yellow and BH4:
purple. BOKAC structure contains 8 alpha-helices forming a typical BCL-2 fold, each individual helix is numbered. B The kinetics of calcein
release from LUVs with the composition (PC:CL 8:2) induced by different concentrations of BOKAC. Calcein release was normalized to the
maximum release induced by Triton-X100. C Percentage of calcein release from LUVs with the lipid compositions: PC, PC:CL 8:2 and
mitochondrial mixture (PC:PE:PI:PS:CL 49:27:10:10:4), induced by different concentration of BOKAC. Calcein release was normalized to the
maximum release induced by Triton-X100. D Effect of BAX, BOKAC and FL-BOK recombinant proteins on LUVs (PC:CL 8:2) membrane
permeability in the presence and absence of cBID (40 nM) assessed by calcein release and normalized to the maximum release induced by
Triton-X100. E Estimated melting temperature of BAX, BOKAC and FL-BOK derived from thermal shift assay experiments using SYPRO Orange
dye. F, G, H Permeabilization activity of BAX, BOKAC and FL-BOK on LUVs (PC:CL 8:2) at different temperatures, measured and calculated like in B.
C-H Values correspond to mean + SD from at least 3 individual experiments.

limitations of the technique (see Methods). Under these experi- Remarkably, GFP-BOK efficiently induced apoptotic cell death in
mental conditions, less than 10% of BOKAC-488 particles were in AKO HCT116 cells (Fig. 4B), which we also confirmed with
monomeric form. Together, these results indicate that BOK has the overexpression of an untagged version of BOK (Fig. 4C). This
ability to autoactivate and to recruit additional BOK molecules to clearly demonstrates that BOK can directly mediate mitochondrial
the complex, similar to reports for BAK and BAX [28, 35]. permeabilization, thus discarding any requirement for the

As controls, we confirmed that the particle brightness of effectors BAX and BAK, as well as the possibility that BOK killing
BOKAC-488 showed a narrow distribution corresponding to activity is the result of it inducing a phenotypic switch in the anti-
monomers when it was imaged on glass and that membrane apoptotic BCL-2 members. As reported for BAX and BAK [36], BOK
binding and oligomerization were not efficient on SLBs made of overexpression alone was also sufficient to induce cell death in
PC only (Fig. S3). This suggests that cardiolipin, or a negatively AKO HCT116 cells, indicating that BH3-only proteins are not
charged lipid, is required for BOKAC-488 binding and oligomer- necessary for its activation either.

ization in the membrane. We recently showed that tBID can also mediate mitochondrial

permeabilization in absence of BAX and BAK [37]. Indeed, both
Apoptosis induction by BOK is comparable to and tBID-GFP and GFP-BOK induced a similar extent of cell death in
independent of BAX and BAK AKO HCT116 cells. Yet, in contrast to BOK, tBID-induced apoptosis

To study BOK membrane pores in the complex environment of was significantly reduced in DKO HCT116 cells compared to AKO
the cell, we analyzed its ability to induce apoptosis in living cells HCT116 cells, as we showed before [37]. This indicates strong
by transiently expressing BOK fused to GFP (GFP-BOK). We used inhibition of tBID, but not of BOK, by the anti-apoptotic BCL-2. In
HCT116 lines including wild type (WT HCT116), BAX/BAK double agreement with this, the extent of GFP-BOK induced cell death in
knock out (DKO HCT116), as well as a cell line lacking most BCL-2 WT, DKO and AKO HCT116 cell lines was comparable (20-30%).
proteins in which BOK was additionally knocked out, all BCL-2 Since both DKO and WT cells harbor anti-apoptotic BCL-2 proteins,
knock out (AKO HCT116) [36, 37], which allowed us to evaluate these results add to the evidence that the apoptotic activity of
the role of other BCL-2 proteins on the apoptotic activity of BOK. BOK is not affected by the antiapoptotic family members (Fig. 4B).
The extent of cell death was assessed by Annexin-V-Alexa647 Compared to AKO HCT116 cells, overexpression of tBID-GFP led to
staining and normalized to transfected (GFP-positive) cells an increase in cell death in WT HCT116 cells expressing BAX and
(Fig. 4A). BAK (Fig. 4D), which underscores the role of tBID as an activator of
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Fig. 2 Visualization of BOK pores in liposomes. A Representative negative staining EM image of a BOK pore in an LUV with the composition
PC:CL 8:2. B Representative negative staining EM images from incubation of LUVs with different ratios of BAX, BOKAC, FL-BOK and GSDM-D
(activated by Caspase11). Scale bar for all images in A-B, 50 nm. C Quantification of pore size distribution of BAX, BOKAC, FL-BOK and GSDM-D

incubated with LUVs with protein:lipid molar ratio of 1:10000.

BAX and BAK. This effect was not observed for GFP-BOK
overexpression, suggesting that BOK cannot act as BAX/BAK
activator.

Intrinsic instability leading to auto-activation counteracted by
proteasomal degradation has been proposed as an mechanism for
regulation of BOK apoptotic activity. In agreement with this, the
GFP-BOK G35A mutant, with increased protein stability, showed a
slight reduction in apoptosis induction in AKO HCT116 cells
(Fig. 4E). In contrast, the significantly impaired cytotoxic activity of
GFP-BOKAC highlights the key role of the C-terminal tail on BOK
apoptotic function (Fig. 4E).

Remarkably, only a fraction of GFP-BOK localized to mitochon-
dria, raising the question whether this could a reason for the lower
apoptotic activity of BOK in cells (Fig. 4F). To test this hypothesis,
we produced a chimeric protein with the C-terminal tail of BOK
replaced by that of BCL-xL (GFP-BOK-xL), which almost exclusively
localized to mitochondria (Fig. 4F). Importantly, GFP-BOK-xL
presented enhanced apoptotic activity comparable to BAX
(Fig. 4G). These results directly link the lack of effective
mitochondrial localization with the limited BOK activity in cells.

The significant reduction in cell death in HCT caspase-9 knock
out cells confirmed that BOK-mediated cell death is of apoptotic
nature (Fig. 4B). As additional controls, we confirmed that the
cytatoxic activities of BAX and BOK were reduced by the caspase
inhibitor zZVAD (Fig. 4E). Also, cells transfected with either GFP
alone or with the anti-apoptotic GFP-BCL-xL showed minimal or
insignificant cell death. We further confirmed loss of mitochondrial
membrane potential (TMRE intensity) as a proxy for mitochondrial
permeabilization in U20S BAX/~/BAK '~ cells transfected with
GFP-BOK (Fig. 4H). Finally, we tested the ability of recombinant
BOKAC to permeabilize isolated mitochondria from DKO HCT116
and AKO HCT116 cells. As shown in (Fig. 4l), BOKAC released
cytochrome ¢ in a concentration dependent manner, with an
activity comparable to cBID but significantly lower than recombi-
nant FL-BAX. These results indicate that BOK can directly induce
mitochondrial permeabilization independently of BAX, BAK and
other BCL-2 proteins.

BOK forms ring-like structures in apoptotic mitochondria

Previous studies reported that BOK, in contrast to BAX and BAK,
mainly localizes to the ER and Golgi [19] and that it accumulates at
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the contact sites between the ER and mitochondria, where it plays
a role in regulating calcium fluxes between the two organelles
[38, 39]. This is in agreement with our data in Fig. 4F. Yet, to
mediate mitochondrial permeabilization in absence of other BCL-2
proteins, we reasoned that at least a fraction of BOK localized to
mitochondria should assemble there into oligomers responsible
for the opening of apoptotic pores.

To address this question in more detail, we explored the
subcellular localization BOK in U20S BAX '~/BAK™/~ cells with
respect to mitochondria and/or ER using GFP or Halotag fusion
proteins (Fig. 5). In agreement with the lack of apoptotic activity,
we found that GFP-BOKAC presented a diffuse cytosolic distribu-
tion, which underscores the key role of the C-terminal anchor for
membrane targeting in cells (Fig. 5A). GFP-BOK instead constitu-
tively accumulated in clusters reminiscent of the apoptotic foci
formed by BAX and BAK [40, 41] in absence of apoptotic triggers
(Fig. 5B). These GFP-BOK clusters presented partial co-localization
with mitochondria (dyed with Mitotracker-644) as well as with the
ER network (stained with GFP-SEC61), which in some occasions
coincided with overlapping points between the two organelles
(Fig. 5C-H). 16 h after transfection, only a fraction of the cells
expressing BOK had undergone mitochondrial permeabilization
measured by Smac release, although the subcellular distribution
of BOK was comparable between cells in the population with
permeabilized mitochondria or not (Fig. 5I).

We then used super-resolution STED microscopy to image the
assemblies of Halo-BOK in the mitochondria of cells that had
undergone Smac release (Figs. 51 and 6A). As shown in (Fig. 6b),
we found that BOK organized into a mixture of structures, among
which, in addition to dots, we could identify rings, arcs and lines.
The resolved structures have a mean area around 0.2 pmz, which
corresponds to an average diameter of 0.5 um assuming a circular
shape (Fig. 6C). Remarkably, these BOK assemblies were similar to
those observed for BAX and BAK involved in mitochondrial
permeabilization, suggesting that all three proteins follow a similar
mechanism to permeabilize mitochondria.

DISCUSSION
Even after more than 20 years of its discovery, the exact role of
BOK in apoptosis continues to be puzzling [7, 42]. A body of
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evidence has now accumulated supporting the classification of
BOK as an effector of the BCL-2 family. Here, we provide direct
visualization of BOK pores and compare their properties to those
of BAX and BAK.

Using in vitro and in cell experiments, we found that BOK can
induce membrane permeabilization independent of BAX and
BAK. While the C-terminal anchor involved in membrane
targeting was not necessary for membrane permeabilization, it
contributed to protein thermostability. A possible explanation to
the increased thermostability of FL-BOK is the formation of
domain-swaped dimers that were shown before to inhibit BAX
[43]. It is generally accepted that BAX and BAK can be activated
by cBID to form pores in cells and artificial membranes [33],
while this has remained less clear in the case of BOK [10, 16]. Yet,
in vitro, both BAX and BAK, as well as FL-BOK shown here, can
be activated by temperature, without the need for direct
activators [29, 44]. This effect of temperature might be explained
by promoting protein unfolding and exposure of helices
involved in interaction with the membrane, which then would
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drive membrane insertion and pore formation. The lack of the
C-terminal helix of BOK could cause decreased stability,
manifested in lower melting temperature and pore activity at
room temperature.

BOK has been considered a pro-apoptotic member of the BCL-2
family based on the structural homology with both BAX and BAK
and on genetic studies [15]. While the majority of apoptotic stimuli
cannot induce apoptosis in cell lacking BAX and BAK [41, 42],
apoptosis could be triggered in these cell lines by proteasome
inhibitors which correlated with BOK stabilization [13]. Accord-
ingly, we found that overexpression of GFP-BOK induced
apoptosis not only in cells knock out for both BAX and BAK, but
also in cells lacking the most relevant BCL-2 family members. This
indicates that the pro-apoptotic activity of BOK in cells not only
does not require BAX and BAK, but also discards any potential
mechanism involving a phenotypic switch of anti-apoptotic BCL-2
proteins. Since the extent of BOK-induced cell death was not
affected by the presence pro-survival family members, they
cannot inhibit BOK pores either.
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Fig.4 Apoptosis induction by BOK is comparable to and independent of BAX and BAK. A Representative images of HCT-AKO cells expressing
GFP-BAX, GFP-BOK and GFP 16 h after transfection, Transfected cells and annexin V+ cells appear in green and red respectively. Scale bar; 100 pm.
B Effect of GFP-BOK overexpression on cell death in different cell lines (HCT-WT, DKO, AKO and Casp9 KO), measured as percentage of cells with
Annexin V from the total transfected cells (Annexin V+4/GFP+). C Effect of BAX and BOK overexpression on cell death in HCT AKO, in the presence or
absence of ZVAD, measured as fraction of cells with Annexin V normalized to total cell area. D Effect of tBID-GFP and GFP-BOK overexpression on
cell death in different cell lines (HCT-WT and DKO) quantified as in B. E Effect of GFP-BAX, GFP-BOK, GFP-BOK G35A, GFP-BOKAC, GFP-BCL-xL and
GFP overexpression on cell death in HCT AKO, in the presence or absence of ZVAD and calculated as in (B). ¢: untransfected. F Representative
images of GFP-BOK and GFP-BOK-xL subcellular localization 16 h after transfection in U20S BAX  /BAK '~ cells. BOK appears depicted in green
and mitochondria (labelled with Mitotracker-644) in magenta. Scale bar, 10 um. G Effect of GFP-BAX, GFP-BOK, GFP-BOK-xL, GFP-BCL-xL and GFP
overexpression on cell death in HCT AKO quantified as in B. H Effect of GFP-BAX, GFP-BOK, GFP-BCL-xL and GFP overexpression on mitochondrial
depolarization in U20S DKO cells, measured as a decrease on TMRE signal. ¢: untransfected. | Release of cytochrome c from isolated mitochondria
from HCT116 cells was assessed by immunoblotting of pellet (mitochondria) and supernatant fractions. Antibody against TOM22 was used as a
control. ***P < 0.001, **P < 0.01, *P < 0.05, ns not significant. Experiments were averages of at least three replicates.

We could directly visualize BOK-induced pores in liposomes
using EM, whose features suggest that they are of toroidal (or
lipidic) nature, as proposed for BAX and BAK [45]. Protein density
could not be located at the pore edge [40] and the pore size was
flexible and increased with protein density on the membrane.

SPRINGER NATURE

Also in agreement with a BAX-like toroidal pore, the single-
molecule analysis of BOK stoichiometry revealed that BOK
existed in membranes as a mixture of oligomeric species that
grew into larger assemblies with protein density in the
membrane.
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Fig.5 BOK localizes partially to mitochondria and to the ER via its C-terminal anchoring domain. A, B Representatlve images of GFPBOKAC
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Fig. 6 BOK forms ring-like structures in apoptotic mitochondria. A Representative images of Halo-BOK-JF549 16 h after transfection in U20S
BAX /" /BAK ' cells, localized to mitochondria (stained with Mitotracker) acquired by STED microscopy. Scale bar, 1 um. B A gallery of the
structures formed by BOK, acquired by STED microscopy. Scale bar, 400 nm. € Summary of the structures formed by BOK. Perimeter is plotted

against Area after image binarization.

Importantly, we were able to detect ring-shaped nanostructures
of BOK directly in the mitochondria of apoptotic cells with a
similar organization to those found for BAX and BAK using super-
resolution microscopy [35, 46]. This suggests that BOK induces
mitochondrial permeabilization in cells via a common molecular
mechanism with the effector BCL-2 proteins, even if its regulation
differs from that of BAX and BAK.

Also in contrast to BAX and BAK, overexpressed BOK
accumulated at discrete sites co-localizing with mitochondria,
the ER and likely other cellular membranes. Considering that
mitochondrial permeabilization requires localization to this
organelle, we propose that limited BOK localization to mitochon-
dria is a key mechanism to control BOK pore formation and
apoptosis induction. We provide evidence supporting this model
by using chimeras of BOK with the C-terminal of BCL-xL, which
efficiently target to mitochondria and become as potent as BAX in
inducing cell death. According to this model, BOK-mediated
apoptosis would be regulated by its mitochondrial accumulation,
for example via upregulation via proteosomal degradation as
reported by Llambi et al. in [13], or by alternative mechanisms
controlling BOK localization that remain to be explored. A recent
study reported that BOK levels were upregulated by the SARS-
CoV-2 membrane protein (M), leading to apoptosis and lung
edema in mice [47], which may open opportunities for BOK
targeted interventions against COVID-19.

SPRINGER NATURE

In summary, here we provide direct visualization of BOK
membrane pores that share mechanistic properties with the
pores formed by the apoptotic effectors BAX and BAK. We also
show that the regulation of BOK permeabilizing activity is
however different from BAX and BAK, and independent of other
BCL-2 proteins. Our data support a model in which BOK apoptotic
activity is controlled by subcellular localization and membrane
lipid composition.

MATERIALS AND METHODS

Recombinant protein expression and purification

BOK gene (Full length (FL-BOK) and a truncated version lacking the last 24
residues (BOKAC)) were cloned into a pETM-11 plasmid (EMBL), containing
an N-terminal 6xHis tag. To enable fluorescent labeling of BOKAC using
sortase A enz;/me, three glycine residues were added to the N-terminus of
the protein (*®BOKAC) and the gene was cloned into a pTYB21 plasmid
(New England Biolabs), containing an N-terminal intein tag. BL21-(DE3)-
RIPL E. coli (Agilent Technologies) were transformed with the expression
plasmids, and was grown in LB media containing the corresponding
resistance antibiotics. Protein expression was induced at OD =1, using
1 mM isopropyl-B-D-thiogalactoside for 4 h at 18 °C. The bacteria were then
retrieved by centrifugation, resuspended in Lysis buffer (20 mM Tris, 1 M
NaCl, 1 mM PMSF, pH 8) and were then lysed by sonication. Afterwards, the
lysate was cleared by centrifugation at 20,000 g for 1 h. The supernatant of
6xHis tag fusion proteins were incubated with Ni-NTA agarose beads
(Qiagen) and eluted with 250 mM imidazole, While the supernatant of
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intein-tagged *°*BOKAC was incubated with chitin beads (New England
Biolabs) and eluted by incubation with 50 mM DTT for 40 h at 4°C. The
eluted fractions were then concentrated and injected on a Superedx 75
Increase 10/300 GL Size exclusion column (Cytiva). Protein purity was
examined by SDS-polyacrylamide gel electrophoresis. Protein quantifica-
tion was performed using Nanodrop and protein identity was further
confirmed with Mass spectrometry. Cleaved Bid (cBID) and BAX were
produced as previously described [18, 21].

Protein fluorescent labeling

3GBOKAC was fluorescently labeled using sortase A enzyme and an
Atto488-conjugated peptide containing the sortase-recognition motif
(LPRTG) [48]. This results in the conjugation of the dye only to the
N-terminus of the protein, which is crucial for the accurate estimation of
the stoichiometry of the protein. *>BOKAC was incubated with sortase A
(0.3 molar equivalent) and Atto488-peptide (20 molar equivalent) in
sortase buffer (20 mM Tris, 150 mM NaCl, 5mM CaCl,, pH 7) at room
temperature for 30 min. After that, the reaction mixture was passed
through a desalting column (PD10, 25G, GE healthcare) to remove
unreacted peptide. Fractions containing protein were combined and then
incubated with Ni-NTA agarose beads (Qiagen) for 30 min to remove the
His-tagged sortase A. The labeled protein was then aliquoted and stored at
—80°C.

Liposome permeabilization assay

Lipids were purchased from Avanti Polar Lipids, and were dissolved in
chloroform and mixed with the desired molar ratios. Chloroform was then
evaporated under vacuum for 3 h. Large unilamellar vesicles (LUVs) were
prepared using the extrusion method as described before [49, 50]. Briefly,
the lipid film was hydrated with 80 mM solution of the fluorescent dye
calcein, pH 7 for a final lipid concentration of 5mg/mL followed by five
cycles of freezing and thawing. The lipid solution was then extruded
through a polycarbonate membrane with a pore size of 100 nm using glass
syringes. Calcein-loaded LUVs were separated from free calcein using
Sephadex-G50 beads and the lipid concentration was adjusted to 100 pM.
LUVs were incubated with serial dilutions of the recombinant proteins in a
96-well plate and calcein release was monitored by fluorescence emission
at 520 nm with excitation at 490 nm for 1h using a microplate reader
(Enspire, PerkinElmer). 0.1% Triton X-100 was used as a positive control
(100% calcein release) and the percentage of calcein release was
calculated as follows:

[Fsample — Fautter]

%Calcein release = 100x ~——
[FTn;nn 2 Fﬂuffer]

Thermal shift assay

BOKAC, FL-BOK and BAX were diluted to 4 uM in PBS (pH 7.4) in a total
reaction volume of 20 uL with SYPRO Orange (Sigma-Aldrich) used as a
probe. The reaction mixture was dispensed in Microamp Fast Optical 96-
well reaction plates (ThermoFisher) and analyzed in a C1000 thermal cycler
(Bio-Rad). Protein melting temperature was estimated from the first
derivative of fluorescence emission with respect to temperature.

Negative staining electron microscopy

LUVs (PC:CL 8:2) were incubated with BOKAC, FL-BOK, BAX (+40 nM cBID)
and GSDMD (+20 nM caspase11) for 40 min. The protein:lipid molar ratio
was adjusted to 1:100 or 1:10000. Afterwards, the protecliposomes were
placed onto a glow-discharged copper grid (Electron Microscopy Sciences)
coated with a layer of thin carbon, washed twice with water, stained with
2% uranyl acetate for 5 min and then air-dried. The grids were imaged on a
JEOL JEM2100PLUS electron microscope and recorded with a GATAN
OneView camera (CECAD imaging Facility).

Supported lipid bilayers (SLBs)

For the formation of LUVs, lipid mixtures were rehydrated to a final
concentration of 10mg/mL in PBS, pH 7.4. 10 L of the multilamellar
vesicle suspension was then diluted in 140 L of SLB buffer (10 mM
HEPES, 150 mM NacCl, pH 7.4). The suspension was then subjected to five
cycles of freezing-thawing and was then extruded through a polycarbo-
nate membrane with 100 nm pore size using a glass syringe. Atto488-
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BOKAC was first incubated at different concentrations with LUVs made of
PC:CL (8:2) for 40 min at room temperature to form proteoliposomes. The
proteoliposomes were then diluted with empty liposomes (to be in the
single-molecule regime) and were incubated at 37 °C for 2 min with 3 mM
CaCl, on plasma-cleaned glass slides (0.15 mm thickness). Afterwards, the
SLB was rinsed several times with SLB buffer to remove non-fused
vesicles. The SLB was then immediately imaged with TIRF microscopy. At
least 500 particles were detected and analyzed per replica in each
experiment.

TIRF Microscopy

SLBs were imaged using a modified Zeiss Axiovert 20 M epifluorescence
microscope with a 488 nm laser equipped with a 100x/1.46 oil objective
(Zeiss), a Laser-TIRF 3 Imaging System (Zeiss) and an EM-CCD camera (iXon
897, Andor). Exposure time was set to 35 ms with a delay time between
frames of 25 ms and an intensity of 0.1 kW/cm2. The images acquired were
used for the stoichiometry analysis based on the fluorescence intensity of
the particles using an in-house algorithm implemented in Python.

Stoichiometry analysis

The images acquired were used for the stoichiometry analysis based on
the fluorescence intensity of the particles. Bright spots were detected
using the difference of Gaussians method and thresholding and were then
fitted to two-dimensional (2D) Gaussians and the background was
subtracted. Localized particles were filtered based on the distance and
on the width of the 2D Gaussian, to avoid overlapping regions of interest
(ROIs) or multiple particles in the same ROl. Brightness value for each
particle was calculated from the area under the 2D Gaussian. The
brightness of particles was used to decipher the stoichiometry of the
proteins as previously described [28, 35). Briefly, Atto488-BOKAC was
spread on a glass slide and individual particles with a single photobleach-
ing step were detected and were fitted to a Gaussian to estimate the mean
intensity (n) and standard deviation (o) of a monomer. Then, the mean
brightness of different oligomers (N) was calculated from the equation:
Uy = Ny, £a,V/N. The number of Gaussians that can be fitted to the
distribution of fluorescence intensity was estimated according to equation
[51): Nomax = (t13/01)°.

Mitochondrial isolation and cytochrome c release assay

DKO HCT 116 and AKO HCT116 cells were harvested and resuspended in
MB buffer (10 mm HEPES, 210 mm mannitol, 70 mm sucrose, 1 mm EDTA,
pH 7.5) supplemented with Complete Protease Inhibitor Cocktail (Roche).
Afterwards, the cells were disrupted by passing 20 times through a 27 G
needle, and the debris was removed by centrifugation at 1500g.
Mitochondria were then obtained by centrifugation at 7000 g for 10 min.
The pellet was then resuspended in MB buffer and protein concentration
was determined by Bradford assay (Biorad). For the cytochrome c release
assays, 30 ug of mitochondria was incubated with BOKAC, BAX and ¢BID in
RB buffer (10 mM HEPES, 125 mM KCl, 0.5 mM EGTA, pH 7.4) for 30 min at
37°C. The samples were centrifuged for 10min at 14,000g and the
presence of cytochrome c in the pellet and supernatant was determined
by western blotting using a mouse monoclonal anti-cytochrome ¢
antibody clone 7H8.2C12 (BD-Biosciences). Anti-TOM22 antibody (#:sc-
101286, Santa Cruz) was used as a control.

Mammalian cell culture and transfection

HCT116 cells (WT, BAX / BAK '~ (DKO), kindly provided by Prof. Schulze-
Ohsthoff, and all Bcl-2 proteins knock out (AKO)) were used in the
quantification of cell death activity using IncuCyte (Sartorius) and were
grown in McCoy's 5A modified medium (Sigma-Aldrich). Caspase-9
CRISPR/Cas9 knock out were generated in HCT116 WT cells. For CRISPR
transfection, 1-2x 105 cells were seeded in a 6-well plate 48 h before
transfection. 500 ng of CRISPR construct was transfected with 1puL of
Lipofectamine 2000 (Thermo Fisher) according to manufacturer’s instruc-
tions. 24 h after transfection cells were transferred to a 15cm dish and
selected for seven days with media supplemented with 0.5 ug/mL
puromycin. Single colonies were picked and cultured for validation.
Success of the knock out was validated using Western blotting and
genotyping by Sanger's sequencing of the target region. The following
guide RNA sequence were used for the generation of CASPASE-9 CRISPR/
Cas9 knock out cell lines: CAACTTCTCACAGTCGATGTTtgg. Pairs of
oligonucleotides containing the gRNA sequence were cloned into the
pSpCas9(BB)-2A-Puro V2.0 (px459, Addgene #62988) using the restriction
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enzyme Bbs| (NEB). U205 BAX /"BAK ™/~ cells were used for TMRE assay
and for confocal and STED microscopy and were grown in low-glucose
Dulbecco’s modified Eagle's medium (DMEM) (Sigma-Aldrich). All media
were supplemented with 10% fetal bovine serum (FBS) and 1% penicillin-
streptomycin (Thermo Fisher). Cells were transfected with plasmid DNA
using Lipofectamine 2000 (Invitrogen) according to the manufacturer's
protocol.

IncuCyte cell death assays

Cell death assays were performed using IncuCyte S3 (Sartorius) at 37 °C 5%
CO,. Apoptotic cell death was measured by the binding of Annexin V Alexa
647 (Invitrogen) to cells, which indicates the exposure of Phosphatidylserine.
HCT116 cells were seeded (5000 cells/well) in a 96 well plate for 24-48 h and
then transfected with 25 ng/well of plasmid DNA using lipofectamine 2000
(Invitrogen) according to the manufacturer's protocol. Prior to transfection,
the medium was replaced with medium containing 1:200 Annexin V Alexa.
Four images per well were acquired every 1h for 24 h. The images were
then analyzed using IncuCyte basic analysis software module.

TMRE Mitochondrial Membrane Potential Assay

U20S BAX ' "BAK /" cells were seeded (1000 cells/well) in a 48-well plate
for 24-48 h and then transfected with 50 ng/well of plasmid DNA using
lipofectamine 2000 (Invitrogen) according to the manufacturer’s protocol.
Prior to transfection, the medium was replaced with medium containing
100nM TMRE dye (Invitrogen). Live cell imaging was performed using
IncuCyte S3 (Sartorius) as described above. Nine images per well were
aquired every 1 h for 24 h. The images were analyzed using IncuCyte Cell-
by-Cell analysis software module. TMRE signal was calculated from the
integrated intensity in each cell.

Confocal and STED microscopy

For Confocal imaging, U20S BAX ' BAK™’~ cells seeded on coverslips
were transfected with (Halo-BOK, GFP-BOK or GFPBOKAC) and (GFPSEC61
or mCherry-SEC61) and then treated with 10pM QVD. 16h after
transfection, the cells were incubated with 150 nM MitoTracker Deep
Red (Thermo Fisher) and HaloTag TMR Ligand (Promega) (when
transfecting with Halo-BOK) for 20 min at 37°C. The cells were then
washed 3 times with fresh media and were fixed using Paraformaldehyde.
Imaging was performed on a TCS SP8 confocal laser scanning microscope
(Leica Microsystems) equipped with a PL Apo 63x/1.40 Oil CS2 objective
and a tunable white light laser (470-670 nm). The signal was acquired with
sensitive HyD detectors (Leica Microsystems).

For STED imaging, U20S BAX ' "BAK /~ cells seeded on coverslips were
transfected with Halo-BOK and Smac-GFP and then treated with 10 uM
QVD. 16 h after transfection, the cells were incubated with 0.3 uM Janelia
Fluor 549 HaloTag Ligand (Promega) and 150 nM MitoTracker Deep Red
(Thermo Fisher) for 20 min at 37 °C. The cells were then washed 3 times
with fresh media and were fixed using Paraformaldehyde. Images were
acquired using TCS SP8 gSTED microscope (Leica Microsystems) equiped
with HL PL APO 100x/1.40 Oil STED, a tunable white light laser
(470-670 nm) and 750 nm depletion laser. The signal was acquired with
sensitive HyD detectors (Leica Microsystems).

DATA AVAILABILITY

The data that support the findings of this study are included in the article or
uploaded as Supplementary Information and all original data are available from the
corresponding author upon request.
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Figure S1. Purification of recombinant BOKAC and FL-BOK

(A) SEC Chromatogram from Superdex75 column after injection of the elution fraction of FL-
BOK (B) Representative Coomassie-stained SDS-PAGE gel for the steps of the purification
process of recombinant FL-BOK. SN: supernatant after lysis and centrifugation, SEC: size-
exclusion chromatography for fractions from 7 to 11 mL. (C,D): The same as in (A,B) but for
the purification of BOKAC. (SEC fraction in the SDS-PAGE corresponds to the peak with
maxima at 12 mL). (E) SEC Chromatogram from Superdex75 column using a mixture of
proteins with different molecular weights (Gel Filtration Standard, Bio-rad #1511901). (F)
Calibration curve of Superdex75 column derived from elution profile in (E).
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Figure S2. Purification and fluorescent labelling of recombinant 3G-BOKAC

(A) Size-exclusion chromatogram from Superdex75 column after injection of the elution
fraction of **BOKAC showing a dominant monomeric peak (B) Representative Coomassie-
stained SDS-PAGE gel for the steps of the purification process of recombinant **BOKAC. SN:
supernatant after lysis and centrifugation, SEC: size-exclusion chromatography (SEC fraction
in the SDS-PAGE corresponds to the peak with maxima at 12 mL). (C,D): Representative SDS-
PAGE gel for the steps of the fluorescent labelling of 3G-BOKAC using an ATTO488-linked
peptide and SortaseA enzyme. The same gel was Coomassie-stained (C) and visualized under
UV irradiation (D). NiNTA: a fraction from the reaction mixture after incubation with NiNTA
beads, SEC: size-exclusion chromatography using G25 desalting column.
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Figure S3. Characterization of BOKAC oligomerization in SLB made from PC and on
glass

(A,C) Particle fluorescence intensity distribution of BOKAC-488 from different experiments
were fitted with a linear combination of six Gaussians to estimate the abundance of different
molecularities. The cumulative fit is shown as a dashed line. (B,D) The percentage of each
species is derived from the area under each fitted Gaussian. The error bars correspond to the
average error for each oligomeric species from three independent experiments with
Particles>500 per condition per experiment.
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Figure S4. GFP-BOK overexpression induces cytochrome c release in HCT AKO cells.

(A) Representative confocal immunofluorescence images of subcellular localization of GFP-
BOK (in green), mitochondria (grey) and cytochrome ¢ (magenta). HCT AKO cells were
transiently transfected with a GFP-BOK encoding plasmid using lipofectamine 2000 (Life
Technologies) and incubated for 18—24 h. Cells were incubated with 200 nM MitoTracker 561
at 37 °C for 30 min and fixed with 3.8% paraformaldehyde in PBS. Samples were blocked with
3% bovine serum albumin (BSA)/0,1% Triton-X100 in PBS and immunoblotted with a primary
anti-cyt c anti-body (1:200, BD-556432) and a secondary fluorescent anti-mouse 633 antibody
(1:400, Life Technologies A-21126). Scale bars 10 um. (B) Effect of GFP-BOK on MOMP,
measured as percentage of cells showing released cyt c. Data correspond to three
independent experiments, n>15 cells per condition per experiment.
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Abstract

Motivation: Imaging single molecules has emerged as a powerful characterization tool in the biological sciences.
The detection of these under various noise conditions requires the use of algorithms that are dependent on the end-
user inputting several parameters, the choice of which can be challenging and subjective.

Results: In this work, we propose DeepSinse, an easily trainable and useable deep neural network that can detect
single molecules with little human input and across a wide range of signal-to-noise ratios. We validate the neural
network on the detection of single bursts in simulated and experimental data and compare its performance with the
best-in-class, domain-specific algorithms.

Availabilityand implementation: Ground truth ROl simulating code, neural network training, validation code, classi-
fication code, ROI picker, GUI for simulating, training and validating DeepSinse as well as pre-trained networks are
all released under the MIT License on www.github.com/jdanial/DeepSinse. The dSTORM dataset processing code is

released under the MIT License on www.github.com/jdanial/StormProcessor.

Contact: js2494@cam.ac.uk

Supplementary information: Supplementary data are available at Bioinformatics online.

1 Introduction

The detection of single molecules is a fundamental step in the com-
putational pipeline dedicated to processing single molecule micros-
copy data. Counting (Das et al., 2007; Ulbrich and Isacoff, 2007 ),
distancing (Ha, 2001; Kapanidis et al., 2005), localizing (Betzig et
al., 2006; Heilemann et al., 2008; Hess et al., 2006; Jungmann et
al., 2010; Rust et al., 2006) and tracking (Dahan et al., 2003; Lowe
et al., 2010; Yildiz, 2003) single molecules require different imaging
conditions and instrumentation resulting in fluorescent bursts char-
acterized by low-to-high signal-to-noise ratios. This poses a chal-
lenge to the detection of single molecules using a universal
algorithm. Segmentation of these molecules has, thus far, relied on
user-chosen kernel functions, such as lowered Gaussians,
Difference-of-Gaussians (DoG) or multi-order wavelets, and subject-
ive, non-universal related parameters (Izeddin et al., 2012). All these
inputs are not intuitive to the amateur user, would require careful
tuning before changing the imaging conditions or modality and may

© The Author(s) 2021. Published by Oxford University Press. All rights reserved. For permissions, please e-mail: journals.permissions@oup.com

fail to appropriately segment single molecules under various signal-
to-noise ratios yielding unreliable performance.

Deep neural networks were recently used in calculating the
background under noisy imaging conditions (Mackl et al., 2020),
localizing single emitters at high spatial densities (Nehme et al.,
2018, 2020) and accurately counting molecular stoichiometries
by step-wise photobleaching (Xu et al., 2019). In this work, we
developed and used DeepSinse, a simple, mult-layer
Convolutional Neural Network (CNN) architecture to enable
fast detection of single molecules using as few parameters as pos-
sible. Our neural network is composed of a CNN, a dense layer
and a SoftMax (classification) layer. The neural network
(Fig. la) was first trained to classify simulated ground-truth
datasets of noise and Gaussian bursts in pre-labelled Regions Of
Interest (ROIs), then validated on different, unseen, datasets of
pre-labelled ROIs. We then tested it on ground-truth generated ROIs
(Fig. 1b). The neural network is finally deployed by feeding an image
into a peak-finding algorithm based on identifying regional maxima.
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Fig. 1. Single molecule segmentation pipeline using DeepSinse. (a) Architecture of
the neural network used in segmenting single molecule bursts from noise. The CNN
layer is connected to a dense (i.e. fully connected) layer. The dense layer is connected
to a SoftMax for normalization which, in turn, is connected to a classification layer.
Number of trainable parameters is 21 802. (b) The neural network is first GPU-
trained on ground-truth, pre-labelled (i.e. annotated) ROIs divided into two classes;
particle (P) or Noise (N). The ROIs are fed-forward into the network and a loss
function is evaluated every mini-batch of 10 ROIs. Following training on a complete
dataset, the network is validated on unseen data and the classification accuracy is
calculated based on the correspondence between the generated and network-output
classes. The network is finally tested on the CPU or GPU on unlabelled ROIs and
the class for each ROl is extracted, (c) The network is, finally, deployed by feeding
an image into a peak-finding algorithm which identifies regional maxima based on
their eight nearest neighbours’ connectivity, The algorithm locates several hundred
ROIs containing noise and particles and the ROIs are fed into the neural network
which eventually segments the particles producing an annotated image

The peak-finding algorithm outputs hundreds of noise- and burst- con-
taining ROIs which are then fed into the trained network for classifica-
tion, thus, resulting in an annotated image (Fig. 1c).

2 Materials and methods

To construct the training dataset, 100 particles (bursts) were ran-
domly scattered across images which are 200 by 200 pixels in size.
The standard deviation of each burst was sampled using a random
number generator confined between one and two pixels to simulate
small and large particles. Each burst was convoluted with a 2D
Gaussian Kernel. The produced images in counts I, was modified as
follows:

I, =1.*QE+DC+ RO

where 1, is the image signal in electrons, QF is the quantum effi-
ciency, DC is the dark current and RO is the read out noise. The
quantum efficiency was set at 95%, dark current was set at 0.0002
electrons/second and read out noise was set to 1 electron. These val-
ues are typical of commercially available Electron-Multiplying
Charge Coupled Detectors (EMCCDs). To simulate noise, I, was
modified as follows:

I, = gamma (I,.‘G -1+ %) + 0
e

where G is the camera gain (corrected for conversion factor) and O is
the camera bias offset. The gain was set to 58.8 and offset to 400. This
noise model was chosen to best replicate the electron-multiplication fea-
ture in emCCDs (Hirsch et al., 2013). Burst-containing, and pure-noise,
images were simulated with the formers’ peak burst intensities varying
from 50 to 100 counts corresponding to signal-to-noise ratios from
24.85 to 45.81 and 100 images were simulated with pure noise. Pre-
annotated ROIs were picked from each of these images, intensity scaled
between 0 and 1 to ensure the user avoids subjective segmentation
parameters such as the intensity threshold, shuffled and fed into the
neural network for training. To optimize performance, the neural net-
work was trained using different ROI radii (Fig. 2a) and number of
ROIs (Fig. 2b). The lowest FNR (61.45%) and FPR (0.3%) were
achieved at a ROI radius of 3 pixels and 10 000 training ROls.

3 Results

To study the performance of DeepSinse at varying SNRs, we first
simulated 100 burst-containing images with peak burst intensities
varying from 1 to 100 counts corresponding to signal-to-noise ratios
from 2.17 to 45.81. At the lowest simulated SNR of 2.17 (where the
particles are visually undiscernible), the FNR is 91.1% and FPR is
0%. At the highest simulated SNR of 45.81, the FNR is 0% and
FPR is 0.1% (Fig. 2c and e). We then tested the performance of
DeepSinse with experimentally obtained images of fluorescent beads
(see Supplementary Information). At the lowest acquired mean SNR
of 2.88, the measured FNR is 76.5% and FPR is 0.01%, whilst at
the highest acquired mean SNR of 4.5, the measured FNR is
13.76% and FPR is 1.25% (Fig. 2d and f). We compare these met-
rics with the best in-class, domain-specific algorithm used for the de-
tection of single molecules which is based on image wavelet
segmentation (Izeddin et al., 2012). Wavelet analysis achieves a
FNR of 75% and FPR of 2% at an SNR of 2.6. These figures are
worse than those measured with DeepSinse, namely, a FNR of
15.5% (5x improvement) and FPR of 0.5% (4x improvement) and
show the prominence of DeepSinse in detecting single molecules
under extreme noise conditions and low SNRs reaching 2.17.

To ensure applicability on a real biological sample acquired at the
single molecule level, we used an exemplary dataset of a U20S cell
expressing the GFP-tagged nucleoporin component (Nup96) of the nu-
clear pore complex labelled with Alexa647-tagged-Anti-GFP nanobody
and imaged using dSTORM (Thevathasan et al., 2019) (see Data avail-
ability). Molecules detected in single molecule localization microscopy
are subjected to strict filtering to ensure the localization precision is
minimized (see Supplementary Information). We assessed the perform-
ance of DeepSinse and wavelet filtering by comparing the number of
detected particles pre filtering (Fig. 3a) and the fraction of rejected par-
ticles post filtering (Fig. 3b) in 1000 frames. DeepSinse outperformed

(a) (b) (c) (d)
g i g g
z - = <
: £z £z
1387 150 20
ROI radius (pixels) #ROIs (x1000)

(e)

Fig. 2. Systematic analysis of the performance of the neural network for parameter-
tuning and validation purposes. Measurement of the FNR and FPR against (a) the
radius of ROIs and (b) number of ROIs. (¢) SNR of simulated ROIs and (d) SNR of
experimentally obtained ROIs. Exemplary (e) simulated and (f) experimentally
obtained images of particles at different SNRs
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ability). (a) Number of detected particles and (b) fraction of rejected particles
obtained using a waveler filter and peak intensity threshold set to 0 photons
[Wavelet filter (-)], wavelet filter and peak intensity threshold set to standard devi-
ation of the first wavelet level [Wavelet filter (+)] and DeepSinse for 1000 frames of
the entire dataset. (c¢) Super-resolved image of the exemplary dataset produced fol-
lowing detection of particles using DeepSinse and subsequent filtering

wavelet filtering, detecting 31 331 particles (8810 of which were filtered
corresponding to 28% ) compared to 45 131 for wavelet filtering with a
peak intensity threshold applied (32 747 of which were filtered corre-
sponding to 73%) and 837 129 without a peak intensity threshold
applied (32 747 of which were filtered corresponding to 99%). We,
subsequently, used DeepSinse to classify all ROIls extracted from
90 000 of the dataset and processed them in a similar fashion to that
reported in Thevathasan et al. (2019) to produce a super-resolved image
where the ring-like structure of the nucleoporin assembly organized into
an oligomer of 8-mer configuration was clearly resolvable as per the ori-
ginal account (Fig. 3¢).

There are two important factors characterizing the performance
of DeepSinse: accuracy and speed. In the above, we provided an ex-
tensive comparison of the accuracy achieved by DeepSinse in detect-
ing single molecules, even at extremely low SNRs across simulated
and experimental data. Since the performance of DeepSinse is de-
pendent on the simulated data resembling the experimental data, we
expect the performance to be further improved if the training data is
extracted from experimentally obtained images. For this reason, we
have included a ROI-picker which the end user can utilize in select-
ing ROIs from experimental data to train the neural network (see
Data availability). In terms of speed, DeepSinse can be trained using
10 000 ROIs on a mid-class Graphical Processing Unit (GPU)
NVIDIA GeForce GTX 1650 for 125 or an Intel Core i7-9750H
CPU running at 2.60 GHz for 11s. DeepSinse can be deployed in
40s, for 1000 frames which are 200 by 200 pixels in size, using the
named GPU or 1 min and 205 on the named CPU. By comparison,
Wavelet filtering with, and without, the application of a peak inten-
sity threshold takes 9 min, and 105, respectively.

DeepSinse presents a novel paradigm in the detection of single
molecules. The versaulity, high selectivity, dependence on modest
resources and speed in training and testing of the proposed neural
network, as discussed above, are strong warrants for its adoption in
all single molecule microscopy data processing pipelines.
Importantly, our simple network does not depend on the application
of any subjective peak intensity threshold and is capable of detecting
single molecules under extreme noise conditions; therefore, pushing
detection limits with current instrumentation to new heights. Our
proposed network can be augmented with other, previously devel-
oped neural networks to migrate to smart and fully automated ana-
lysis pipelines for single molecule microscopy data. To facilitate this,
we have built an easy-to-use Graphical User Interface (GUI) for gen-
erating simulated darta, training the neural nerwork and accessing
the performance of the trained network. Furthermore, we made
available a number of pre-trained networks at different camera gain
values which can be integrated in any MATLABO based code.

Data availability

Except for the exemplary nucleoporin dataset which is publicly
available on the Biolmage Archive (https://www.ebi.ac.uk/biostu
dies/files/S-BIAD8/Library/GFP/AB/raw/GFP_AB-AF647_190528_

8.zip), ground-truth generated data and experimentally obtained
data used for testing and validating the neural network are available
as Supplementary Data.
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ABSTRACT: Analysis of single-molecule brightness allows subunit counting of high-order
oligomeric biomolecular complexes. Although the theory behind the method has been
extensively assessed, systematic analysis of the experimental conditions required to accurately
quantify the stoichiometry of biological complexes remains challenging. In this work, we

develop a high-throughput, automated computational pipeline for single-molecule brightness

analysis that requires minimal human input. We use this strategy to systematically quantify the Detect particles Measuf@ intensity
i 1 i it i i . Analyze Segment
accuracy of counting under a wide range of experimental conditions in simulated ground-truth S smg'e o s

data and then validate its use on experimentally obtained data. Our approach defines a set of
conditions under which subunit counting by brightness analysis is designed to work optimally
and helps in establishing the experimental limits in quantifying the number of subunits in a —
complex of interest. Finally, we combine these features into a powerful, yet simple, software
Calibration

that can be easily used for the analysis of the stoichiometry of such complexes.

Assembly into nanoscopic oligomeric complexes is a of one or several photo-blinking steps, and temporal variations
common mechanism that allows biomolecules to perform in the intensity of the excitation source. These problems were
their cellular activities.'™ Determining the structural organ- recently addressed by training and deploying convolutional and
ization of these complexes is paramount to understanding their long—short-term memory deep learning neural network
functions. High-resolution structural characterization methods, (CLDNN) to classify different oligomeric species on the
such as X-ray diffraction or cryo-electron microscopy, provide basis of the number of photobleaching steps they exhibit.**
angstrom-resolution atomic maps but require the biological Despite the high accuracy of this network in discerning
complex under study to be purifiable with a high yield, to be oligomers with up to five subunits, automated and manual
preserved in its entirety along with, possibly, its native classification based on step counting remains extremely
physiological environment during the purification step, and challenging for larger assemblies.

to be stoichiometrically homologous. Super-resolution micros- Single-molecule brightness analysis is not limited by the
copy methods can chart the architecture of many of these mentioned factors and has the potential to quantify the
nanoscopic complexes directly inside their cellular environ- stoichiometry of small to medium-sized macromolecular
ments with nanometer resolution;*”” however, precise complexes.”” In this method, the number of underlying
molecular counting using super- resol“‘mr; T‘CIUSCDP“ES is a subunits of an oligomeric species is obtained by comparing
formidable task that remains challenging.”""* its brightness to a calibration curve theoretically calculated

Single-molecule fluorescence analysis has emerged as a
powerful strategy for measunng the stoichiometry of small and
large biomolecular complexes.”” " Two major approaches
comprising subunit counting by this analytical toolkit are
known as stepwise photobleaching”' and single-molecule
brightness analysis.”* In stepwise photobleaching analysis, the
number of photobleaching steps exhibited by a single oligomer

from the measured average brightness of monomers.
Monomers, selected on the basis of the stepwise photo-
bleaching analysis, can be obtained by different strategies: from
a sample with a mixture of different oligomers, from partial
bleaching of protein complexes,® or from non-activated or

is counted and correlated with the number of subunits Received: November 22, 2021 sl

contained within. Counting the number of photobleaching Acce_l’te‘i’ December 10, 2021 e
steps has, traditionally, been performed manually or by the use Published: January 19, 2022 z—
of some algorithms.” However, both approaches require \/_‘j‘

trained users that are able to isolate actual photobleaching
steps from artifacts derived from high noise levels, the presence

® 2022 The Authors. Published b
2.An'|eericl;tr| %rﬁeml.ilca:sﬁgcia; https://doi.org/10.1021/acs jpclett.1c03835
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Figure 1. Overview of the mode of operation of SAS. (a) SAS workflow. (b,c) Exemplary simulated, ground-truth images of single molecules for a
set of calibration (stoichiometry: 50% monomers, 25% dimers, and 25% trimers) and unknown (stoichiometry: equal proportions of monomers to
16-mer) species (b) before detection and (c) after detection where detected particles are encircled with white circles. (d) Exemplary intensity
traces of two randomly chosen particles from the calibration and unknown data sets after conversion from signal counts to photons. (e) Examples
of monomeric and oligomeric traces extracted from the calibration data set that are automatically annotated by SAS. (f) Kernel density function of
the intensity distribution underlying the calibration data set (gray) and the Gaussian curve representing the monomeric population (red). (g)
Kernel density function of the intensity distribution underlying the unknown data set (gray) and the Gaussian mixture representing the monomeric
population (red, green, cyan, and purple). (h) Bar graph of the proportion of the species underlying the unknown data set (color code as in panel

g)-

mutant forms of the protein of interest, which are unable to
oligomerize.'” Paramount to the accurate quantification of
stoichiometry is the selection of “clean” intensity traces of the
monomeric species, which are not affected by any intensity
variations other than imaging noise. Equally important is the
accurate measurement of the brightness of oligomeric species,
which is irrespective of high noise, early photobleaching, the
presence of multiple photoblinking steps, and other non-
specific intensity variations.

Despite the enormous power of single-molecule brightness
analysis and the unique niche it occupies within the family of
methods used to quantity absolute molecular copy numbers, it
suffers from a number of important limitations.

(1) The fluorescence intensity of the monomeric and
oligomeric particles may take a wide range of values. Detecting
these particles with high fidelity (i.e, low false negative and
positive rates) requires subjective changes of the detection
parameters by the end user. This process hampers the
automation of data processing and the accuracy of the eventual
subunit counting.

(2) The maximum number of resolved oligomers is strictly
connected to the quality of the monomer calibration.
Therefore, the selection of clean, single-step intensity traces
for monomer calibration is paramount for resolving higher-
order oligomers; however, traditionally this step is performed
manually. In addition to the potential introduction of human
error during the classification process, this is a complicated task
due to the need for tens to hundreds of such traces for
appropriate calibration, which needs to be repeated for each
data set due to any subtle change in the experimental setup or
in the sample preparation.

(3) Although the theory behind single-molecule brightness
analysis has been extensively scrutinized, the experimental
conditions under which this method is designed to operate
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optimally have never been systematically navigated. This
prevented the optimized application of this method and in
some cases may have led to incorrect conclusions about the
underlying biological system.

(4) The accuracy of this method in quantifying multiple
stoichiometric occurrences (e.g., dimeric, trimeric, tetrameric,
etc.) of protein complexes, as well as any change in the
proportion of oligomeric species as a function of protein
concentration, was not systematically assessed before. This
prevented the end users from understanding the analytical
limits of this approach and judging its applicability to the
system of their interest.

(5) Fitting the intensity distributions to multiple Gaussians
may not perfectly match the real data introducing false
stoichiometry assessments.

To address these important limitations, we have developed
SAS (Stoichiometry Analysis Software), a fully automated
software pipeline for analyzing the stoichiometry of oligomeric
complexes imaged by fluorescence microscopy. By employing
SAS to quantify the number of complex subunits by brightness
analysis, we could carefully assess the accuracy of this method
and provide the users with guidelines for the optimal
experimental and analytical conditions to employ for reliable
and accurate stoichiometry measurements of protein com-
plexes.

SAS uses a simple, but robust, parameter-free, single-
molecule particle detection algorithm based on a multilayer
convolutional neural network (DeepSinse), which was
previously found to exhibit 4—5 times lower false positive
and negative rates compared to the best-in-class, domain
specific detection algorithm based on wavelet filtering on a
remarkably wide range of signal-to-noise ratios (SNRs).>*
Importantly, SAS requires no human input for optimized
detection (Figure la—c and Figure S1; see Methods). The

https://doi.org/10.1021/acs jpclett.1¢03835
J. Phys. Chem. Lett. 2022, 13, 822-829
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Figure 2. Assessment of the accuracy of subunit counting under different simulated experimental conditions. Measurement of the error against the
(a) density of particles, (b) signal-to-noise ratio (SNR), (c) maximum number of subunits per complex, (d) number of monomeric particles
selected for calibration, (e) intercomplex variation in photon count, (f) kernel probability distribution function (de bin size, (g) ratio of the o, or
standard deviation, of the point spread function (PSF) of the underlying particles to ROI radius (SRR), and (h) pixel size. Base parameters used
across all simulations (except for those varied): number of time frames, 500; number of movies for calibration and unknown species (each), at least
10; maximum photon count, 10; intercomplex variation in photon count, 0%; & of the PSF of each complex, 130 nm; stoichiometry of the
calibration species , 50% monomers, 25% dimers, and 25% trimers; stoichiometry of the unknown species, 50% monomers and 50% dimers. See the

supplemen(ary data for camera parameters.

time-dependent intensity traces of the detected molecules are
extracted from the acquired frame stacks by measuring the
background-corrected intensities in regions of interest (ROIs)
centered around the centroids of each detected particle (Figure
lc,d; see Methods). In SAS, data to be processed need to be
classified as either “calibration” or “unknown” (Figure 1b—d).
The “calibration” data set will be used to find the brightness
values of monomeric species. For this purpose, we fed the
extracted intensity traces into a trace annotator that selects
clean, single-step traces by calculating and normalizing the
gradient (i.e, slope) of each trace and picking up traces with a
single peak gradient above a preset threshold (Figure le and
Figure S2; see Methods). The selected traces are then used to
construct a distribution curve from a kernel density function
and fitting it to a Gaussian mixture model (GMM) to account
for the fact that some of the selected single-step traces are not
monomeric due to the photobleaching of two, or more,
fluorophores at the same time within the same complex
(Figure 1f; see Methods). The mean and standard deviation of
the intensity values in the fitted Gaussian curve corresponding
to the monomeric population are, subsequently, used to
construct an idealized Gaussian mixture that represents the
distribution of the higher-order oligomeric species. By
overimposing these multiple Gaussians on the intensity
distribution of all detected particles from the “unknown”
data set, we calculate the proportion of each species from the
area of each Gaussian curve (Figure 1g; see Methods). Finally,
the calculated proportions are corrected for incomplete
labeling using a binomial probability density function to
yield the true stoichiometry of the underlying biological
complex (Figure 1h; see Methods). The quality of the
monomeric calibration Gaussian curve is critical in the
brightness analysis approach as the width of the intensity
distribution defines the maximum number of species that can
be resolved. The selection of monomeric traces by SAS is
reliable even for wide and complex simulated and experimental
intensity distributions (see, for example, the calibration
distribution of experimental data in Figure S3). However,
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this step needs particular attention and scrutiny by the final
end user.

We then assessed the performance of the software and the
accuracy of counting using single-molecule brightness analysis
by simulating ground-truth data under a wide range of
experimental conditions (see Methods). To this end, we
evaluated the error in the calculated versus simulated
proportions of species when varying the density of particles,
SNR, number of subunits per complex (at a constant particle
density), number of monomeric particles selected for
calibration, variation in the intensity of each molecule, the
bin size of the kernel probability distribution function (pdf),
the particle intensity distribution width (i.e., 6) to ROI radius
(SRR) from which the intensity traces are extracted, and the
pixel size (Figure 2a—h). Under all simulated conditions, the
error in the assignment of oligomeric species did not exceed
15% while reaching, in many cases, <5%. Variations in the
density of particles, number of subunits per complex, and pixel
size did not result in substantial changes to the error (<3%)
within the simulated ranges.

Our analysis shows that the bin size for generating a kernel
pdf, as well as the number of calibration particles, may be a
critical parameter to consider for fitting the intensity
distributions, as increasing the bin size further increases the
error rate while decreasing the number of calibration particles
decreases the error rate. SAS employs a bin size of five
photons, which provides an error of 3%, to ensure that the
intensity information is not lost and the fitting procedure is not
oversensitive to fine fluctuations in the intensity curve.

Expectedly, decreasing the SNR to 3.54, which is remarkably
low for single-molecule experiments, affects the fidelity of the
stoichiometry measurements, resulting in an error of 13.96%. A
marginal improvement of the SNR to 5.68 yields a large
improvement in the error (=5.01%). Any improvement to the
SNR beyond 5—10 yields diminishing returns on the error
(>2%). This result indicates that while the use of bright
fluorophores and efficient detection setups is necessary to
improve the detection efficiency, beyond a certain point, it is

https://doi.org/10.1021/acs jpclett.1¢03835
J. Phys. Chem. Lett. 2022, 13, 822-829
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Figure 3. Assessment of the accuracy of subunit counting under different simulated stoichiometric configurations. Starting from a monomer as the
basic unit, we assessed the measurement of the error for equal proportions (8.33%) of (a) monomeric species, (b) dimeric species, (c) trimeric
species, (d) tetrameric species, (e) hexameric species, (f) decreasing proportions (15.4% monomers, 14.1% dimers, 12.8% trimers, 11.5% tetramers,
10.3% pentamers, 9.0% hexamers, 7.7% heptamers, 6.4% octamers, 5.1% 9-mers, 3.8% 10-mers, 2.6% 11-mers, and 1.3% 12-mers) based on
monomeric units, (g) increasing proportions (same as panel f but in reverse order) based on monomeric units, (h) decreasing proportions (28.6%
monomers, 23.9% trimers, 19.0% pentamers, 14.3% heptamers, 9.5% 9-mers, and 4.8% 11-mers) based on the addition of dimeric units, and (i)
increasing proportions (same as panel h but in reverse order) based on the addition of dimeric units.
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Figure 4. Assessment of the accuracy of subunit counting under real experimental conditions and challenging stoichiometric configurations. Kernel
density distribution functions and error measurements for 12-mer stoichiometries based on the addition of (a) monomeric or (b) dimeric units
before and after refinement simulated at an SNR of 10.74 (photon count of 10) and intercomplex variation in photon count of 0%. Kernel density
distributions are colored gray, and the Gaussian mixture is colored red. Error measurements based on the addition of (c—f) monomeric, (g—j)
dimeric, or (k—n) trimeric units of high-order oligomers: (c, g, and k) 12-mer, (d, h, and 1) 16-mer, (e, i, and m) 20-mer, and (f, j, and n) 24-mer.
Simulations were performed at an SNR of 5.68 (photon count of 5) and an intercomplex variation in photon count of 20%. Proportions of each
species can be found in the supplementary data.

not necessarily correlated with improved counting accuracy by
SAS. In contrast, our simulations indicate that intensity
variation is a critical parameter to the accuracy of counting.
Intensity variations of >25% can yield error values of >5%.
These results favor the use of stable fluorophores that exhibit a
narrow emission spectrum and minimal photoblinking, as well
as flat-field illumination schemes that minimize spatial
variations in the excitation profile and unpolarized light as
the excitation source to ensure fluorophores under different
orientations are equally excited.

Finally, the SRR affects the accuracy of counting.
Surprisingly, however, our simulations indicate an optimal
ratio of 0.75 at which the error is minimized to 1.69%. One
possible explanation for this important finding is that for ROIs
smaller than the full width of the particles the extracted
intensities are inaccurate given that a large portion of the point
spread function (PSF) lies outside of the borders of the ROIs,
yet for ROIs much larger than the full width of the particles,
noise affects the extracted intensities. Our simulations point to
the importance of accurately measuring the mean standard

https://doi.org/10.1021/acs jpclett.1¢03835
J. Phys. Chern. Lett. 2022, 13, 822-829
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deviation of the underlying particles in choosing the ROI
radius.

Then, we assessed the accuracy of subunit counting for
different stoichiometric configurations (Figure 3a—i). To do
this, we simulated nine different stoichiometric configurations
with a maximum of 12 subunits where the proportion of
species is constant (Figure 3a—e), decreasing (Figure 3£h), or
increasing (Figure 3gi) with the number of subunits. The
underlying species were also allowed to take monomeric up to
hexameric units, Under all simulated configurations, the error
did not exceed 15%. The accuracy of counting was particularly
minimized when the proportion of species was held constant
under all stoichiometries (Figure 3a—e). Although the error of
the measurements was excellent throughout, we have noticed
that, particularly where we have simulated increasing or
decreasing proportions, a large fraction of the species was not
recognized. This finding suggested that in a typical experiment,
where not all single molecules assemble into higher-order
oligomers and where these oligomers add dimeric or higher-
order units, larger complexes might not be recognized in the
analysis.

To investigate the reason behind the poorer performance of
the software in quantifying the number of subunits in the
mentioned stoichiometric configurations, we paid closer
attention to the fittings of the idealized Gaussian mixture to
the kernel density function of the unknown species. We found
that marginal shifts in the mean intensity values of the
calibration curves would propagate to high-order oligomers
beyond 8—10 subunits causing obvious misfits to the idealized
mixture of Gaussians as suggested in Figure lg. Furthermore,
this issue could be more severe in a real, experimental setting
where the intensity distribution of the underlying species might
not follow the idealized Gaussian mixture due to imaging
artifacts or photoquenching.

To solve this issue, we implemented a fitting refinement step
in which the mean intensity value of the calibration curve is
scanned in a +10 photons region, with one-photon resolution,
and the residual error is calculated after fitting with the
Gaussian mixture model. The refined mean intensity value of
the calibration curve is chosen where the residual error is
minimum. Given that the mean intensity value of the
monomer species is changed, we expect that the error would
increase (i, be worsened) at the expense of recovering a
larger number of species. Following this improvement, we first
assessed two challenging configurations (Figure 3fh). As
expected, our assessments reveal an increase in the error from
5.46% to 7.99%, for the configuration based on the addition of
monomers, and from 7.41% to 9.19%, for the configuration
based on the addition of dimers (Figure 4a,b). The advantages
of using a refinement step were particularly observed in this
last configuration where the number of recognized species
increased from 7 to 11 out of a simulated 12 (Figure 4b). In all
of the above, the SNR was set to 10.74 and the intercomplex
variation in photon count was set to 0% to ensure that none of
these important photophysical parameters would complicate or
affect our assessment of the accuracy of counting.

Next, we conducted a final round of assessment to establish
the absolute limits of accurate counting with single-molecule
brightness analysis using the introduced refinement step for
more challenging experimental conditions (i.e., an SNR of 5.68
and an intercomplex variation in photon count of 20%) and
stoichiometric configurations (from 12- to 24-mers with a
decreasing proportion of species) (Figure 4c—n). On average,
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the error was lowest for the configurations based on
monomeric, followed by dimeric, and finally trimeric units.
All error measurements were <15% except for the 24-mer in
trimeric configuration, where the measured error was 17.04%.
Finally, and because of the refinement step, high-order species
were recognized in all cases; however, low proportions of
species that were not simulated in the configurations based on
the addition of dimeric and trimeric units were also produced.

Importantly, the end user needs to be aware that the
refinement step helps to increase the accuracy at the expense of
sensitivity. This step can be included in or excluded from the
analysis, as illustrated in the GUI (Figure S1), thus leaving to
the end user the choice between accuracy or sensitivity,
according to the specific experimental and analytical need.

In summary, this extensive analysis has shown the following.

(1) The SNR and intercomplex variation in photon count
play an important role in dictating the accuracy as well as the
number of recognized species within a complex of interest.
While marginal improvements in the SNR yield noticeable
improvements to the accuracy of counting quickly followed by
diminishing returns, the intercomplex variation in photon
count has to be minimized at all times to maximize the
accuracy of counting and number of recognized species.

(2) The ROI size has to be optimized manually by the user
in case the mean standard deviation in the PSF of the imaged
complexes is known.

(3) The stoichiometric occurrence does not affect the
accuracy of measurements, but relevant factors are the basic
unit (ie., monomeric, dimeric, or trimeric) and whether the
proportion of species increases or decreases with the number
of subunits.

(4) Refining the mean intensity value of the calibration
species can recover high-order species, but at the expense of a
reduced counting sensitivity as well as uncovering additional
species that are absent in reality. The use of the refinement
step is dependent on whether the user is interested in accurate
or more comprehensive measurements of stoichiometry.

Having extensively assessed the accuracy of counting with
single-molecule brightness analysis, we, finally, validated SAS
on biological samples whose stoichiometry is known a priori, as
reported from either structural studies or prior subunit
counting measurements performed manually. In addition, the
chosen samples had to satisfy the following requirements: (1)
The labeling efficiency had to be previously reported to ensure
that any unlabeled species are accurately accounted for.
Furthermore, the labeling efficiency had to be reported
under exactly the same labeling conditions and using the
same fluorophore as label in our experimental validation. (2)
Highly compacted structures, in which the underlying
fluorophores are located close to one another, were avoided.
In doing so, we wanted to ameliorate the hard to simulate
effects of fluorophore quenching on the measured intensity of
the complex of interest. (3) For the purpose of validation, the
complex of interest would be known to take stable
stoichiometries that would not change during the course of
an experiment or under slightly different conditions. This is to
ensure that our results would, to the best of our knowledge,
match those reported. (4) The complex of interest has to be
assembled from its individual components in vitro and in situ.
Oligomeric complexes that can be imaged only inside their
physiological, cellular environment were excluded as their
densities, as well as the behavior of the host cellular system,
cannot be appropriately controlled.

https://doi.org/10.1021/acs jpclett.1c03835
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Figure 5. Comparison of subunit counting accuracy with a manual (semiautomated) pipeline and SAS applied on experimental data. (a)
Calibration data set of monomeric Bax labeled with ATTO 488 dye. (b) Set of unknown stoichiometries of labeled BAX molecules. Scale bar, 5 um.
Subunit counting of BAX performed (c) manually and using SAS (d) before and (e) after refinement. (f) Subunit counting of Atg9 performed using

SAS.

We identified the Bcl-2-associated-X-protein (BAX), which
is known to assemble into multiple species based on dimer
units,'” and the lipid scramblase Atg9, which has been recently
reported to assemble as a homotrimer,”* >’ as candidate
systems. To this end, we reconstituted labeled BAX oligomers
into a supported lipid bilayer (SLB) and imaged them under a
TIRF microscope (see Methods). We then compared the
proportion of species measured using SAS with those
measured manually as reported in ref 17 (Figure 5a—e and
Figure $3). Our measurements show excellent agreement with
those reported, revealing the dimeric stoichiometry of BAX.
Moreover, because of the entirely automated pipeline of SAS, it
took us 3 min to process one data set, which typically took
hours to days to process through the manual selection of clean
traces, as well as optimization of detection under various
experimental conditions. Similarly, stoichiometry experiments
on Atg9 complexes processed by SAS showed excellent
agreement with the literature data, with Atg9 assembling
predominantly as a trimer [with minor high-order aggregates/
complexes based on trimer units (Figure 5f)].

In summary, here we have systematically and extensively
assessed the accuracy of subunit counting using brightness
analysis. We have established the experimental conditions and
assessed complex stoichiometric configurations, under which
this method can count with accuracies exceeding 85%. Our
analysis serves as an important resource for experimentalists in
need of accurately counting the copy number of proteins in a
variety of stoichiometric configurations and under a wide range
of challenging experimental conditions. To perform this
analysis, we developed a fully automated computational
pipeline that is simple to use and serves as a fundamental
tool for future experiments of this type. We expect our analysis,
and software, to empower the use of optical microscopy in
structural studies of complex, large, and heterogeneous
macromolecular assemblies with single-molecule sensitivity.
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Methods

Simulating ground-truth data

To simulate the ground-truth data, a pre-set number of particles (i.e. complexes) were randomly scattered
across images which are 256 by 256 pixels in size (except for those simulated in Figures 4c-n which were
1024 by 2024 pixels in size to accommodate for the larger number of complexes in the same field of view
without significantly increasing the density) with pixel size of 100 nm. The standard deviation in the PSF of
each particle was fixed at 130 nm. Each complex contained a pre-set number of molecules with intensities
sampled from a random number generator based on a normal distribution with a mean intensity of I, and
standard deviation of v, where v is the inter complex variation in the intensity. Each molecule had a
photobleaching time that was randomly sampled from 1 to the maximum number of frames which in our
simulation was set to 500 frames. The intensity of each molecule was set to the sampled intensity before the
photobleaching time point and to 0 afterwards. Each molecule was convoluted with a 2D Gaussian Kernel. To
account for the noise statistics of Electron-Multiplying Charge Coupled Detectors (EMCCDs), the produced

images in counts I, were modified as follows:
I, =1.*QE + DC + RO (1)

where I, is the image signal in electrons, QE is the quantum efficiency, DC is the dark current and RO
is the readout noise. The quantum efficiency was set at 95%, dark current was set at 0.0002 electrons/second
and readout noise was set to 1 electron. These values are typical of commercially available EMCCDs. To

simulate noise, I, was modified as follows:

I = gamma (1,6 =1+ =) + 0 @)

e

where G is the camera gain (corrected for conversion factor) and O is the camera bias offset. The gain
was set to 58.8 (electron gain of 300 and conversion factor of 5.1) and offset to 100. This noise model was
chosen to best replicate the electron-multiplication feature in EMCCDs'. The produced images were saved in

the big TIFF format at 16 bits for further processing using SAS.

Detecting single molecule using a deep convolutional network

Detection of each complex / molecule was carried out as described in”. Briefly, we developed and used
DeepSinse, a simple, multi-layer Convolutional Neural Network (CNN) architecture to enable fast detection
of single molecules using as few parameters as possible. Our neural network is composed of a CNN, a dense

layer and a SoftMax (classification) layer. The neural network was first trained to classify simulated ground-
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truth datasets of noise and Gaussian bursts in pre-labelled Regions Of Interest (ROIs), then validated on
different, unseen, datasets of pre-labelled ROIs. We then tested it on ground-truth generated ROIs. The neural
network is finally deployed by feeding an image into a peak-finding algorithm based on identifying regional
maxima. The peak-finding algorithm outputs hundreds of noise- and burst- containing ROIs which are then
fed into the trained network for classification, thus, resulting in an annotated image. Burst-containing, and
pure-noise, images were simulated with the formers’ peak burst intensities varying from 50 to 100 counts
corresponding to signal-to-noise ratios from 24.85 to 45.81 and 100 images were simulated with pure noise.
Pre-annotated ROIs were picked from each of these images, intensity scaled between 0 and 1 to avoid
subjective segmentation parameters such as the intensity threshold, shuffled and fed into the neural network
for training. To optimize performance, the neural network was trained using different ROI radii and number
of ROIs. The lowest false negative rate FNR (61.45%) and false positive rate FPR (0.3%) were achieved at a
ROI radius of 5 pixels and 10,000 training ROIs. The trained network was then integrated into SAS for
immediate use. Particles that are less than 6 pixels away from the borders of each image, as well as those
which are less than 5 pixels apart from each other are rejected. Finally, the detected particles were fed into a
least-squares solver to fit a Gaussian function to the PSF of each particle using the cpufit plugin® and extract
a value to the standard deviation which was compared to a user-specified value (200 nm for the simulated and
experimental data as commonly used in single molecule microscopy*). Particles exhibiting a standard
deviation value smaller than the user-set value are accepted and, otherwise, rejected. This approach allows for

discarding multiple particles present in the same ROI.

Extraction of intensity traces

The intensity of the detected and accepted molecules were extracted from the movies by drawing ROI with a
user-specified radius around each of these molecules at each time point. The local background at each time
point is calculated by extracting the intensity in a region around the ROI, 2 pixels larger than the ROI. Intensity
traces are used for both, the selection of monomeric complexes for calibration (see “Selection of monomeric
traces for calibration™), and for the extraction of the intensity value for the detected molecule. In this last case,
the maximum intensity of each trace is calculated by taking the median of the first 5 time points of the intensity
trace, and the background is subtracted by taking the median of the intensity of the last 5 time points of the

background trace (which, theoretically, should yield the same result as the first 5 time points).

Selection of monomeric traces for calibration

The traces extracted for particles belonging to the calibration sample are fed into a trace annotator which

calculates the absolute gradient of each intensity trace, normalizes the calculated gradient between 0 and 1

and, finally, extracts the number of peaks in the normalized gradient above a threshold value, known as the

minimum peak height, which we set at 0.5 (for simulated data), 0.9 (for experimental data). The value of the

minimum peak height was optimized once for each dataset by inspection of the calibration curve so that,
3
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ideally, a single peak corresponding to the monomeric traces was dominant. Gradients with a single peak were

chosen as monomeric traces (i.e. arising from a complex with a single molecule).

Calculating the proportion of labelled species

After measuring the intensity for each detected and accepted particle (measured as described in “Extraction
of intensity traces™), a kernel probability distribution function (pdf) with a bandwidth of 5 photons was
calculated from the intensity values of the calibration species and normalized between 0 and 1. A peak finder
was subsequently used to find peaks in the normalized kernel pdf with a minimum height of 0.8 (normalized
value). The first peak, corresponding to the intensity distribution of monomers, was selected and its mean
intensity value (I,,,) was used to fit the following Gaussian Mixture Model (GMM) using a non-linear curve
fitting solver to the kernel pdf to extract the standard deviation in the intensity values of the population of

monomers (g, ):

D=5y ae ) 3)

Where a;, [;and o; are the amplitude, mean intensity value and standard deviation in intensity value
of each Gaussian. n is the number of Gaussians and was set to 2 to account for any dimers present in the
sample used for calibration. In this case, I, ¥ I; and 6, ¥ 0. Following, a kernel pdf was constructed from
the sample of unknown species with a bandwidth of 5 photons which was fit, using a non-linear curve fitting

solver, with an idealized GMM:

F() = ymax D o (am3) @

n=1 omV2Tn

Where p; is the proportion of each species corresponding to the area below each Gaussian curve and
Tnay 1 the maximum number of Gaussians. n,,,, was calculated as described in?? from I,,, and a,,, using the

following formula:

2
L
Mnax = floor [("ﬂl) ] (5)
Tm

Constraining the maximum number of Gaussians as such does not prevent overfitting. To account for
overfitting, we performed non-linear curve fitting with n from 1 to n,,,4,. In each time we performed a fit, we
calculated the root sum squared residual and whenever this was less than 95% of the minimum calculated

value, this last was set as the minimum value and the used number of Gaussians as N,,4,. Finally, an optional
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refinement step was performed were I,,, was scanned in a + 10 photons region with | photon resolution and
modified to where the root sum squared residual was minimized.

The residual error is calculated in an ascending order of Gaussians. The minimum residual error is also
calculated in that specific order. For configurations where the proportion of species decreases with increasing
the species number (as in figure 3h) a minimum residual error is reached with low species numbers which
have higher proportions. This is not the case with configurations where the proportion of species increases

with increasing the specie number (as in figure 3i).

Correcting for labelling efficiency to calculate the true proportion of labelled and unlabelled species
Labelling efficiency was corrected for as described in’. Briefly, each molecule was assumed to be either
labelled (1) or not labelled (0). To uncover the true proportion of species from those measured above, we

constructed a binomial probability distribution function of the following form:

Fup) = (2)p*a" ¥ los,..n(x) ©)

Where x is the species number, n is the number of trials, p is the probability of a molecule being labelled (set
to the labelling efficiency) and q is the probability of a molecule not being labelled (= 1 — p). x and n took
values from 1 to the number of measured species. A linear least-squares problem solver was then used to
calculate the true proportion of species taking the constructed binomial probability distribution function as the
multiplier matrix and the measured proportion of species as the constant vector. The solver was constrained

between 0 and 100% across all species.

Preparing BAX reference sample and imaging setup used for experimental validation

The sample was prepared as described in’. Briefly, egg phosphatidylcholine and cardiolipin (Avanti Polar
Lipids, US) were mixed in a 7:3 ratio and dissolved in chloroform that was evaporated under reduced pressure
for 3 hours. The lipid film was then resuspended with 150 mM NaCl, 10 mM Hepes (pH7.4) to a final
concentration of 1 mg/mL. The lipid solution was subjected to five cycles of freezing and thawing after which
they were manually extruded through a polycarbonate membrane with a defined pore size (100 nm) using
glass syringes. The formed large unilamellar vesicles (LUVs) were then incubated with 10 nM Atto488
labelled Bax (labelling efficiency 84%) for 1 hour at 43°C to give proteoliposomes which were subsequently
diluted 1:10 with untreated liposomes. The supported lipid bilayer (SLB) was formed by incubating the diluted
proteoliposomes on a glass slide, previously cleaned with a piranha solution, at 37 °C for 2 minutes in the
presence of 3 mM CaCl; and then washed several times with 150 mM NacCl, 10 mM Hepes (pH7.4) to remove
non-fused vesicles. Samples were imaged on the setup described below for a total of 1200 frames under a 35

ms exposure time and 25 ms delay between frames with a power density of ~ 1 kW/cm?.
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The sample was imaged on a Total Internal Reflection Fluorescence (TIRF) microscope. The laser excitation
from a 4-wavelengths (405 nm, 488 nm, 561 nm and 647 nm) laser engine (iChrome MLE, Toptica Photonics
AG, DE) was coupled into a multi-mode fibre onto a TIRF-alignment module (Laser TIRF 3, Carl Zeiss AG,
DE) inserted into the side port of an upright microscope (Axiovert 200, Carl Zeiss AG). Using the TIRF-
alignment module, the excitation light was focused onto the back focal plane of a 100x, 1.46 Numerical
Aperture (NA) objective (Apo-TIRF, Carl Zeiss AG) after passing through a triple-band clean-up filter (TBP
483 + 564 + 642 (HE), Carl Zeiss AG) and being reflected off a quad-band dichroic filter (TFT 506 + 582 +
659 (HE), Carl Zeiss AG). Image was additionally magnified by 1.6x to obtain a final pixel size of 100 nm.
The emission was collected using the same objective, passed through a triple-band emission filter (TBP 526
+ 601 + 688 (HE), Carl Zeiss AG) and focused on an EMCCD camera (iXon 88X, Andor, IE) cooled at -70
degC.

Preparing Atg9 reference sample and imaging setup used for experimental validation

Atg9 was overexpressed in yeast as GFP-3xFLAG fusion protein and purified as previously described®. For
the generation of Atg9 containing liposomes or protein free liposomes, 50% DOPC, 30% DOPE and 20%
DOPS (Avanti Polaris) were mixed and dried under vacuum 1h at 37°C. The lipid film was resuspended in
buffer A (300 mM KCI, 50 mM HEPES, pH 7.4) to a concentration of 20 mg/ml and sonicated 15 min.
Generated SUVs were destabilized by adding 35 mM CHAPS followed by incubation 1h at 23°C. 1.5mg of
lipids were mixed with 10 ug of the purified protein or with lysis buffer (for protein free liposomes) and the
mixes were incubated 1h at 4°C. Then, samples were diluted 10 times in buffer A to reduce the concentration
of detergent below the critical micelle concentration (CMC). Samples were dialyzed using Slide-A-Lyzer
dialysis cassettes 20 MWCO (Thermo Scientific) against buffer A plus 0.2 g of Bio-beads SM2 adsorbent
Media (BIO-RAD) per liter of buffer. Reconstituted liposomes were freeze-thawed two times. The SLB was
formed by incubating 1:10 diluted proteoliposomes on a glass slide, cleaned with a piranha solution, at 37°C
for 10min with 3mM CaCla, and washed 15 times with 150 mM NaCl, 10mM Hepes (pH7.4) buffer to remove
non-fused vesicles.

Samples were imaged on a custom-designed TIRF microscope for a total of 2000 frames under a 30 ms
exposure time. Laser excitation from a 488 nm laser, max. power 400 mW (Sapphire, Coherent) was coupled
into a single mode polarization maintaining fiber to a TIRF module connected to an Olympus IX83 inverted
microscope with hardware autofocus system (IX3-ZDC, Olympus) and 100x oil-immersion objective
((UPLAPO100xOHR). Image was additionally magnified by 1.6x (IX3-CAS, Olympus) to obtain a final
magnification of 160x and a pixel size of 100 nm. Fluorescence was filtered by a four-line polychroic mirror
(zt405/488/561/640rpc, Chroma, 3 mm) and rejection band filter (zet405/488/561/647 TIRF, Chroma), and

the emission was focussed on an iXon Ultra EMCCD Camera (Andor Technologies).
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Supplementary Figure 1
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Figure S1. (a) Graphical user interface (GUI) of SAS. The GUI is divided into five panels: 1. Data import; 2.
Detection parameters to be fed with the experimental parameters used by the experimenter during data
acquisition; 3. Processing parameters that allows the user to select the ROI radius based on the experimental
parameters used; 4. Annotation of parameters in a text file and choice of the threshold value (minimum peak
height) for appropriate monomeric curves selection; 5. Analysis parameters that allow to introduce the values
of the protein labelling efficiency and of the maximum number of Gaussian mixtures the user aims to resolve.

Importantly, the refinement step can be selected in this panel (red box). (b) SAS workflow.
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Supplementary Figure 2
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Figure S2. Gallery of randomly accepted (monomeric) and rejected (oligomeric) traces selected by the trace

annotator tool of SAS.



Supplementary Figure 3
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Figure S3. Graphs of the (a) calibration, and (b) unknown (¢) intensity distributions obtained from the
experimental data to measure the stoichiometry of BAX complexes. Percentage of occurrence of Bax species
(c) before; and (d) after labelling correction (labelling efficiency 84%). Illustrated data are without refinement.

Results after refinement are shown in figure 5.
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Supplementary Table 1

Figure Stoichiometric configuration
Experimental conditions (if applicable)
Reference in supplementary data / reference dataset

Figure 2a Calibration: 1-mer (50%), 2-mer (25%), 3-mer (25%) [varied from 20 to 320 particles
per movie]
Unknown: 1-mer (50%), 2-mer (50%) [varied from 20 to 320 particles per movie]
# frames = 500, # movies = 10, max. photon count = 10, variation in photon count =
0%, lateral sigma = 130 nm, frame size = 256 pixels x 256 pixels
Columns A to O / dataset # 2 to 5

Figure 2b Calibration: 1-mer (50%), 2-mer (25%), 3-mer (25%) [80 particles per movie]
Unknown: 1-mer (50%), 2-mer (50%) [80 particles per movie]
# frames = 500, # movies = 10, max. photon count = 2 to 50, variation in photon
count = 0%, lateral sigma = 130 nm, frame size = 256 pixels x 256 pixels
Columns P to Al/ dataset # 6 to 10

Figure 2¢ Calibration: 1-mer (50%), 2-mer (25%), 3-mer (25%) [80 particles per movie]
Unknown: varied from 1-mer (50%), 2-mer (50%) [80 particles per movie] to 1-to-
16-mers (3.125% each)
# frames = 500, # movies = 10, max. photon count = 10, variation in photon count =
0%, lateral sigma = 130 nm, frame size = 256 pixels x 256 pixels
Columns AJ to BC / dataset # 11 to 14

Figure 2d Calibration: 1-mer (50%), 2-mer (25%), 3-mer (25%) [80 particles per movie]
Unknown: 1-mer (50%), 2-mer (50%) [80 particles per movie]
# frames = 500, # movies = varied from 5 to 40, max. photon count = 10, variation in
photon count = 0%, lateral sigma = 130 nm, frame size = 256 pixels x 256 pixels
Columns BD to BW / dataset # 15 to 18

Figure 2e Calibration: 1-mer (50%), 2-mer (25%), 3-mer (25%) [80 particles per movie]
Unknown: 1-mer (50%), 2-mer (50%) [80 particles per movie]
# frames = 500, # movies = 10, max. photon count = 10, variation in photon count =
0% to 50%, lateral sigma = 130 nm, frame size = 256 pixels x 256 pixels
Columns BX to CL / dataset # 19 to 22

Figure 2f Calibration: 1-mer (50%), 2-mer (25%), 3-mer (25%) [80 particles per movie]
Unknown: 1-mer (50%), 2-mer (50%) [80 particles per movie]
# frames = 500, # movies = 10, max. photon count = 10, variation in photon count =
0%, lateral sigma = 130 nm, frame size = 256 pixels x 256 pixels. Analysis bin sized
varied from 1 to 20.
Columns HP to IR / dataset # 45 to 49

Figure 2g Calibration: 1-mer (50%), 2-mer (25%), 3-mer (25%) [80 particles per movie]
Unknown: 1-mer (50%), 2-mer (50%) [80 particles per movie]
# frames = 500, # movies = 10, max. photon count = 10, variation in photon count =
0%, lateral sigma = varied from 100 nm to 200 nm, frame size = 256 pixels x 256
pixels
Columns CM to DA / dataset # 23 to 25

Figure 2h Calibration: 1-mer (50%), 2-mer (25%), 3-mer (25%) [80 particles per movie]
Unknown: 1-mer (50%), 2-mer (50%) [80 particles per movie]
# frames = 500, # movies = 10, max. photon count = 10, variation in photon count =
0%, lateral sigma = 130 nm, frame size = 256 pixels x 256 pixels, pixel size varied
from 100 nm to 160 nm.
Columns IT to JJ / dataset # 50 to 52

Figure 3a Calibration: 1-mer (50%), 2-mer (25%), 3-mer (25%) [80 particles per movie]

Unknown: 1-to-12-mers (8.33% each) [96 particles per movie]

10
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# frames = 500, # movies = 10, max. photon count = 10, variation in photon count =
0%, lateral sigma = 130 nm, frame size = 256 pixels x 256 pixels

Columns DB to DF / dataset # 26

Figure 3b

Calibration: 1-mer (50%), 2-mer (25%), 3-mer (25%) [80 particles per movie]
Unknown: 1,3,5,7,9 and 11-mers (16.67% each) [96 particles per movie]

# frames = 500, # movies = 10, max. photon count = 10, variation in photon count =
0%, lateral sigma = 130 nm, frame size = 256 pixels x 256 pixels

Columns DG to DK / dataset # 27

Figure 3¢

Calibration: 1-mer (50%), 2-mer (25%), 3-mer (25%) [80 particles per movie]
Unknown: 1,4,7 and 10-mers (25% each) [96 particles per movie]

# frames = 500, # movies = 10, max. photon count = 10, variation in photon count =
0%, lateral sigma = 130 nm, frame size = 256 pixels x 256 pixels

Columns DL to DP / dataset # 28

Figure 3d

Calibration: 1-mer (50%), 2-mer (25%), 3-mer (25%) [80 particles per movie]
Unknown: 1,5 and 9-mers (33.33% each) [96 particles per movie]

# frames = 500, # movies = 10, max. photon count = 10, variation in photon count =
0%, lateral sigma = 130 nm, frame size = 256 pixels x 256 pixels

Columns DQ to DU / dataset # 29

Figure 3e

Calibration: 1-mer (50%), 2-mer (25%), 3-mer (25%) [80 particles per movie]
Unknown: 1 and 7-mers (50% each) [96 particles per movie]

# frames = 500, # movies = 10, max. photon count = 10, variation in photon count =
0%, lateral sigma = 130 nm, frame size = 256 pixels x 256 pixels

Columns DV to DZ / dataset # 30

Figure 3f

Calibration: 1-mer (50%), 2-mer (25%), 3-mer (25%) [80 particles per movie]
Unknown: 1-mer (15.38%), 2-mer (14.10%), 3-mer (12.82%), 4-mer (11.54%), 5-mer
(10.26%), 6-mer (8.97%), 7-mer (7.69%), 8-mer (6.41%), 9-mer (5.13%), 10-mer
(3.85%), 11-mers (2.56% each) and 12-mer (1.28%) [312 particles per movie]

# frames = 500, # movies = 10, max. photon count = 10, variation in photon count =
0%, lateral sigma = 130 nm, frame size = 256 pixels x 256 pixels

Columns EA to EE / dataset # 31

Figure 3g

Calibration: 1-mer (50%), 2-mer (25%), 3-mer (25%) [80 particles per movie]
Unknown: 1-mer (1.28%), 2-mer (2.56%), 3-mer (3.85%), 4-mer (5.13%), 5-mer
(6.41%), 6-mer (7.69%), 7-mer (8.97%), 8-mer (10.26%), 9-mer (11.54%), 10-mer
(12.82%), 11-mers (14.10% each) and 12-mer (15.38%) [312 particles per movie]

# frames = 500, # movies = 10, max. photon count = 10, variation in photon count =
0%, lateral sigma = 130 nm, frame size = 256 pixels x 256 pixels

Columns EF to EJ / dataset # 32

Figure 3h

Calibration: 1-mer (50%), 2-mer (25%), 3-mer (25%) [80 particles per movie]
Unknown: 1-mer (28.57%), 3-mer (23.81%), 5-mer (19.10%), 7-mer (14.29%), 9-mer
(9.52%) and 11-mer (4.76%) [168 particles per movie]

# frames = 500, # movies = 10, max. photon count = 10, variation in photon count =
0%, lateral sigma = 130 nm, frame size = 256 pixels x 256 pixels

Columns EK to EO / dataset # 33

Figure 3i

Calibration: 1-mer (50%), 2-mer (25%), 3-mer (25%) [80 particles per movie]
Unknown: 2-mer (4.76%), 4-mer (9.52%), 6-mer (14.29%), 8-mer (19.05%), 10-mer
(23.81%) and 12-mer (28.57%) [ 168 particles per movie]

# frames = 500, # movies = 10, max. photon count = 10, variation in photon count =
0%, lateral sigma = 130 nm, frame size = 256 pixels x 256 pixels

Columns EP to ET / dataset # 34

Figure 4a

Calibration: 1-mer (50%), 2-mer (25%), 3-mer (25%) [80 particles per movie]
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Unknown: 1-mer (15.38%), 2-mer (14.10%), 3-mer (12.82%), 4-mer (11.54%), 5-mer
(10.26%), 6-mer (8.97%), 7-mer (7.69%), 8-mer (6.41%), 9-mer (5.13%), 10-mer
(3.85%), 11-mers (2.56% each) and 12-mer (1.28%) [312 particles per movie]

# frames = 500, # movies = 10, max. photon count = 5, variation in photon count =
20%, lateral sigma = 130 nm, frame size = 1,024 pixels x 1,024 pixels

Columns EV to EZ (rows 1 to 14) / dataset # 31 copy

Figure 4b

Calibration: 1-mer (50%), 2-mer (25%), 3-mer (25%) [80 particles per movie]
Unknown: 1-mer (28.57%), 3-mer (23.81%), 5-mer (19.10%), 7-mer (14.29%), 9-mer
(9.52%) and 11-mer (4.76%) [168 particles per movie]

# frames = 500, # movies = 10, max. photon count = 5, variation in photon count =
20%, lateral sigma = 130 nm, frame size = 1,024 pixels x 1,024 pixels

Columns FB to FF (rows 1 to 14) / dataset # 33 copy

Figure 4c

Calibration: 1-mer (50%), 2-mer (25%), 3-mer (25%) [80 particles per movie]
Unknown: 1-mer (15.38%), 2-mer (14.10%), 3-mer (12.82%), 4-mer (11.54%), 5-mer
(10.26%), 6-mer (8.97%), 7-mer (7.69%), 8-mer (6.41%), 9-mer (5.13%), 10-mer
(3.85%), 11-mers (2.56% each) and 12-mer (1.28%) [312 particles per movie]

# frames = 500, # movies = 10, max. photon count = 5, variation in photon count =
20%, lateral sigma = 130 nm, frame size = 1,024 pixels x 1,024 pixels

Columns EV to EZ (rows 22 to 34) / dataset # 31 copy (2)

Figure 4d

Calibration: 1-mer (50%), 2-mer (25%), 3-mer (25%) [80 particles per movie]
Unknown: I1-mer (11.76%), 2-mer (11.03%), 3-mer (10.29%), 4-mer (9.56%), 5-mer
(8.82%), 6-mer (8.09%), 7-mer (7.35%), 8-mer (6.62%), 9-mer (5.88%), 10-mer
(5.15%), 11-mers (4.41%), 12-mer (3.68%), 13-mer (2.94%), 14-mer (2.21%), 15-
mer (1.47%) and 16-mer (0.74%) [544 particles per movie]

# frames = 500, # movies = 10, max. photon count = 5, variation in photon count =
20%, lateral sigma = 130 nm, frame size = 1,024 pixels x 1,024 pixels

Columns FH to FL / dataset # 35

Figure 4e

Calibration: 1-mer (50%), 2-mer (25%), 3-mer (25%) [80 particles per movie]
Unknown: 1-mer (9.52%), 2-mer (9.05%), 3-mer (8.57%), 4-mer (8.10%), S-mer
(7.62%), 6-mer (7.14%), T-mer (6.67%), 8-mer (6.19%), 9-mer (5.71%), 10-mer
(5.24%), 11-mers (4.76%), 12-mer (4.29%), 13-mer (3.81%), 14-mer (3.33%), 15-
mer (2.86%), 16-mer (2.38%), 17-mer (1.90%), 18-mer (1.43%), 19-mer (0.95%), 20-
mer (0.47%) [840 particles per movie]

# frames = 500, # movies = 10, max. photon count = 5, variation in photon count =
20%, lateral sigma = 130 nm, frame size = 1,024 pixels x 1,024 pixels

Columns FN to FR / dataset # 36

Figure 4f

Calibration: 1-mer (50%), 2-mer (25%), 3-mer (25%) [80 particles per movie]
Unknown: 1-mer (8%), 2-mer (7.67%), 3-mer (7.33%), 4-mer (7%), 5-mer (6.67%),
6-mer (6.33%), 7-mer (6%), 8-mer (5.67%). 9-mer (5.33%), 10-mer (5%), 1 1-mers
(4.67%), 12-mer (4.33%), 13-mer (4%), 14-mer (3.67%), 15-mer (3.33%), 16-mer
(3%), 17-mer (2.67%), 18-mer (2.33%), 19-mer (2%), 20-mer (1.67%), 21-mer
(1.33%), 22-mer (1%), 23-mer (0.67%), 24-mer (0.33%) [1200 particles per movie]

# frames = 500, # movies = 10, max. photon count = 5, variation in photon count =
20%, lateral sigma = 130 nm, frame size = 1,024 pixels x 1,024 pixels

Columns FT to FX / dataset # 37

Figure 4g

Calibration: 1-mer (50%), 2-mer (25%), 3-mer (25%) [80 particles per movie]
Unknown: 1-mer (28.57%), 3-mer (23.81%), 5-mer (19.10%), 7-mer (14.29%), 9-mer
(9.52%) and 11-mer (4.76%) [168 particles per movie]

# frames = 500, # movies = 10, max. photon count = 5, variation in photon count =
20%, lateral sigma = 130 nm, frame size = 1,024 pixels x 1,024 pixels

Columns EV to EZ (rows 22 to 34) / dataset # 33 copy (2)

Figure 4h

Calibration: 1-mer (50%), 2-mer (25%), 3-mer (25%) [80 particles per movie]
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Unknown: 1-mer (22.22%), 3-mer (19.44%), 5-mer (16.67%), 7-mer (13.89%) 9-mer
(11.11%), 11-mer (8.33%), 13-mer (5.56%) and 15-mer (2.78%) [288 particles per
movie)

# frames = 500, # movies = 10, max. photon count = 5, variation in photon count =
20%, lateral sigma = 130 nm, frame size = 1,024 pixels x 1,024 pixels

Columns FZ to GD / dataset # 38

Figure 4i

Calibration: 1-mer (50%), 2-mer (25%), 3-mer (25%) [80 particles per movie]
Unknown: 1-mer (18.18%), 3-mer (16.36%), 5-mer (15.55%), 7-mer (12.73%) 9-mer
(10.91%), 11-mer (9.09%), 13-mer (7.27%), 15-mer (5.45%), 17-mer (3.64%) and
19-mer (1.82%) [440 particles per movie]

# frames = 500, # movies = 10, max. photon count = 5, variation in photon count =
20%, lateral sigma = 130 nm, frame size = 1,024 pixels x 1,024 pixels

Columns GF to GJ / dataset # 39

Figure 4)

Calibration: 1-mer (50%), 2-mer (25%), 3-mer (25%) [80 particles per movie]
Unknown: 1-mer (15.38%), 3-mer (14.10%), 5-mer (12.82%), 7-mer (11.54%) 9-mer
(10.26%), 11-mer (8.97%), 13-mer (7.69%), 15-mer (6.41%), 17-mer (5.13%), 19-
mer (3.84%), 21-mer (2.56%) and 23-mer (1.28%) [624 particles per movie]

# frames = 500, # movies = 10, max. photon count = 5, variation in photon count =
20%, lateral sigma = 130 nm, frame size = 1,024 pixels x 1,024 pixels

Columns GL to GP / dataset # 40

Figure 4k

Calibration: 1-mer (50%), 2-mer (25%), 3-mer (25%) [80 particles per movie]
Unknown: I-mer (40%), 4-mer (30%), 7-mer (20%) and 10-mer (10%) [120 particles

per movie]

# frames = 500, # movies = 10, max. photon count = 5, variation in photon count =
20%, lateral sigma = 130 nm, frame size = 1,024 pixels x 1,024 pixels

Columns GR to GV / dataset # 41

Figure 41

Calibration: 1-mer (50%), 2-mer (25%), 3-mer (25%) [80 particles per movie]
Unknown: 1-mer (31.37%), 4-mer (25.49%), 7-mer (19.61%), 10-mer (13.73%), 13-
mer (7.84%) and 16-mer (1.96%) [204 particles per movie]

# frames = 500, # movies = 10, max. photon count = 5, variation in photon count =
20%, lateral sigma = 130 nm, frame size = 1,024 pixels x 1,024 pixels

Columns GX to HB / dataset # 42

Figure 4m

Calibration: 1-mer (50%), 2-mer (25%), 3-mer (25%) [80 particles per movie]
Unknown: 1-mer (25.97%), 4-mer (22.08%), 7-mer (18.18%), 10-mer (14.29%), 13-
mer (10.39%), 16-mer (6.49%) and 19-mer (2.60%) [308 particles per movie]

# frames = 500, # movies = 10, max. photon count = 5, variation in photon count =
20%, lateral sigma = 130 nm, frame size = 1,024 pixels x 1,024 pixels

Columns HD to HH / dataset # 43

Figure 4n

Calibration: 1-mer (50%), 2-mer (25%), 3-mer (25%) [80 particles per movie]
Unknown: 1-mer (22.22%), 4-mer (19.44%), 7-mer (16.67%), 10-mer (13.89%), 13-
mer (11.11%), 16-mer (8.33%), 19-mer (5.56%), 22-mer (2.78%) [432 particles per
movie|

# frames = 500, # movies = 10, max. photon count = 5, variation in photon count =
20%, lateral sigma = 130 nm, frame size = 1,024 pixels x 1,024 pixels

Columns HJ to HN / dataset # 44

Supplementary Table S1 Information on the stoichiometric configurations and experimental conditions
simulated in this study.
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