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Bax assembly into rings and arcs in apoptotic
mitochondria is linked to membrane pores
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Abstract

Bax is a key regulator of apoptosis that, under cell stress, accumu-
lates at mitochondria, where it oligomerizes to mediate the
permeabilization of the mitochondrial outer membrane leading to
cytochrome c release and cell death. However, the underlying
mechanism behind Bax function remains poorly understood. Here,
we studied the spatial organization of Bax in apoptotic cells using
dual-color single-molecule localization-based super-resolution
microscopy. We show that active Bax clustered into a broad
distribution of distinct architectures, including full rings, as well as
linear and arc-shaped oligomeric assemblies that localized in
discrete foci along mitochondria. Remarkably, both rings and arcs
assemblies of Bax perforated the membrane, as revealed by atomic
force microscopy in lipid bilayers. Our data identify the supramolec-
ular organization of Bax during apoptosis and support a molecular
mechanism in which Bax fully or partially delineates pores of
different sizes to permeabilize the mitochondrial outer membrane.
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Introduction

Mitochondrial outer membrane (MOM) permeabilization is an
essential event in the intrinsic apoptosis pathway that enables the
release of cytochrome c and other apoptotic proteins into the cytosol
leading to caspase activation and cell death(Garcia-Saez, 2012).

However, the molecular mechanism of MOM permeabilization is
unsettled. Bax and Bak, which are proapoptotic members of the
Bcl-2 family, are key regulators believed to directly participate in
this process. Indeed, Bax /~ Bak /~ cells are resistant to several
apoptotic insults (Wei et al, 2001) and mice defective in these
proteins exhibit poor survival (Lindsten et al, 2000).

Bax is a soluble monomeric protein constitutively shuttling
between the cytosol and the mitochondrial surface of healthy cells
(Edlich et al, 2011). Following cell stress, Bax is activated and accu-
mulates at the MOM, where it undergoes major conformational
changes (Wolter et al, 1997; Lovell et al, 2008), inserts in the
membrane, and oligomerizes to mediate MOM permeabilization
(Garcia-Saez et al, 2004; Annis et al, 2005). The most accepted model
of MOM permeabilization proposes the formation of Bax pores that
allow cytochrome c¢ and the other apoptotic factors to go through.
This is mostly based on structural resemblance of the Bcl-2 homologs
to bacterial pore-forming toxins (Suzuki et al, 2000) and on pore
activity detected for Bax and Bak in vitro using artificial model
membranes (Antonsson et al, 2000; Basanez et al, 2002; Kuwana
et al, 2002; Lovell et al, 2008). According to these studies, Bax forms
pores lined by protein and lipid molecules, which are long-lived and
large enough to release high molecular weight molecules, including
cytochrome ¢ (Bleicken et al, 2013b). In agreement with this, lipid
pores containing only one active Bax molecule have been visualized
in lipid nanodisks (Xu et al, 2013). The size of these pores is tunable
and can be regulated by protein density on the membrane, indicating
the ability of Bax to form relatively flexible structures of different
dimensions (Bleicken et al, 2013a). Recent structural studies have
also shown that active, membrane-embedded Bax arranges into
symmetric dimers, which serve as building blocks for the larger
aggregates that mediate membrane disruption (Bleicken et al, 2010,
2014; Czabotar et al, 2013; Subburaj et al, 2015). Yet, the
supramolecular arrangement of Bax in mitochondria during apoptosis
and its relationship with MOM permeabilization remain elusive.

Here, we took advantage of single-molecule localization micro-
scopy (SMLM) as a tool to uncover the structural organization of
active, mitochondrial Bax at the nanoscale. We found that Bax
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adopted a distribution of distinctive non-random structures related
to MOM permeabilization in the mitochondria of mammalian cells.
Bax assemblies were heterogeneous in size and shape and resem-
bled full rings, as well as lines and incomplete rings or arcs. These
supramolecular structures were characteristic of active, functional
Bax and could also be observed as part of membrane pores in pure
lipid bilayers with atomic force microscopy. Together, these findings
provide substantial new understanding of the molecular mechanism
of Bax involved in MOM permeabilization.

Results

Bax translocation to discrete foci at the MOM correlates with
mitochondrial depolarization

The spatial distribution of Bax evolves with time during the
different stages of apoptosis progression (Wei et al, 2001). In
order to set the optimal conditions for visualizing Bax structures
associated with MOM permeabilization by super-resolution
microscopy, we established a cellular system based on HeLa cells
transfected with GFP-Bax. We compared the expression levels of
total Bax in HeLa cells transfected or not with GFP-Bax and found
that they were very similar (Fig EV1A). It seemed that transfected
HeLa cells downregulated the levels of endogenous Bax so that
the total amount of protein allowed survival. We then stained the
GFP-Bax transfected cells with the potential dependent dye TMRE.
This allowed us to track GFP-Bax translocation in parallel to
mitochondrial depolarization, which is a marker for MOM perme-
abilization, and to identify the time point after apoptosis induction
when most of GFP-Bax signal was heterogeneously distributed in
discrete foci at the MOM. We induced cell death by treatment
with staurosporine (STS), a protein kinase inhibitor, and moni-
tored GFP-Bax and TMRE signal over time using live cell imaging.
GFP-Bax translocation from the cytosol to the mitochondria was
detected by the change from diffuse, cytosolic fluorescence inten-
sity to a discrete, heterogeneous signal in the green channel that
was localized at mitochondria (Fig 1A). We related it with parallel
mitochondria depolarization monitored by the loss of TMRE
fluorescence.

In agreement with previous studies, the time of cell death induc-
tion was heterogeneous in the cell population (Xia et al, 2014). After
2-h treatment, cells started to lose their potential and most GFP-Bax
appeared translocated to mitochondria, although even after 4 h, a
fraction of the cell population still retained high mitochondrial
potential. Six hours after adding STS, all cells exhibited a heteroge-
neous GFP-Bax pattern and TMRE fluorescence was not perceptible
anymore. We plotted the kinetics of these events for each individual
cell as the increase in the standard deviation of the GFP fluorescence
intensity, corresponding to Bax translocation to the MOM, and the
total TMRE fluorescence per cell, which indicates mitochondrial
potential, as a function of time (Fig 1C). Our results indicated that
GFP-Bax translocation and mitochondria depolarization strongly
correlated with each other, as expected, and that the most suitable
time frame to study Bax structural organization in apoptosis by
super-resolution was from 2 to 6 h after apoptosis induction. As an
additional control for Bax activation, we have confirmed that the
protein is oligomerized by Western blot (Fig EV1B).
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As a control, we transfected HeLa cells with GFP-Bax 1-2/L-6.
This is an inactive Bax mutant described by Edlich et al (2011) that
constitutively binds to mitochondria of healthy cells but does not
permeabilize the membrane (Fig 1B). This mutant remains inactive
at the MOM due to the presence of a disulfide bond between Bax
helices 1 and 2 and the constriction of the loop between those two
helices to the tip of helix 6. Under control conditions, we detected
most of GFP-Bax 1-2/L-6 signal at discrete foci on polarized
mitochondria that retained the TMRE fluorescence, which indicates
that the MOM remained impermeable despite the presence of GFP-
Bax 1-2/L-6. This mutant also served as an excellent control for the
super-resolution studies, because it provided suitable fluorescence
signal for Bax constitutively bound to mitochondria, but in an inac-
tive conformation.

Bax assembles into full and incomplete ring-like structures at
mitochondria of apoptotic cells

To investigate the nanoscale organization of Bax oligomers at the
MOM during apoptosis, we used a single-molecule approach based
on image reconstruction by the accurate localization of isolated
emitters, called single-molecule localization microscopy (SMLM).
We labeled HeLa cells overexpressing GFP-Bax with anti-GFP
nanobodies coupled to Alexa Fluor 647 (AF647), a fluorescent probe
optimized for super-resolution imaging (Ries et al, 2012). These
nanobodies are smaller (1.5 nm x 2.5 nm) than usual antibodies
and bind GFP with high specificity (Rothbauer et al, 2006). In addi-
tion, the bright dyes coupled to them are photo-switchable under
specific buffer conditions and allow resolving structures in the
20-nm range (Ries et al, 2012).

Previous work suggested that in single cells only minimal
gathering of Bax is needed to promote mitochondria depolarization
and fragmentation (Diissmann et al, 2010) before total translocation
of Bax to the MOM is achieved (Zhou & Chang, 2008). We acquired
images on fixed cells that had been treated with STS for 2-6 h and
qualitatively showed no difference in the number or shape of
structures within this range of incubation times with the drug. In
particular, the individual cells selected for imaging in the different
experiments exhibited a similar apoptotic state, characterized by GFP-
Bax in a dotted distribution, but overall cellular integrity, as judged by
the cell shape and the absence of blebs (Figs 2A and EV2). This was
important to minimize the background signal of cytosolic Bax because
it would interfere with a proper image reconstruction. Therefore, we
visualized a specific apoptotic stage corresponding to the organization
of Bax signal once almost all molecules are irreversibly bound to
mitochondria, but before most cellular components have been disas-
sembled. As the pores induced by Bax are stable and permeabilize
mitochondria for long periods of time (Munoz-Pinedo et al, 2006;
Bleicken et al, 2013a), the stage of Bax organization we investigated
was associated with the pore-forming state of Bax assemblies.

Reconstructed super-resolution images showed a large fraction of
the Bax signal as random dots or big aggregates in which no particu-
lar structural organization could be distinguished. But importantly,
we also found a significant amount of well-defined non-random
structures, which seemed to be specific of active Bax on the
membrane (Fig 2B). Concretely, we identified both full and
incomplete (arc-shaped) rings of Bax molecules, as well as linear
assemblies, which in a few cases appeared as double lines (Fig 2C).

© 2016 The Authors
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Figure 1. Bax translocation to mitochondria correlates with mitochondrial depolarization.

A Confocal live cell imaging of HeLa cells overexpressing GFP-Bax (green) and mitochondria marked with TMRE 100 nM (magenta) show cytosolic GFP-Bax distribution
and healthy mitochondria. Lower panels are zoomed images corresponding to the white rectangle in the upper panel and represent the individual and merged
channels. Time shows the minutes after apoptosis induction with staurosporine (STS) 1 uM. Scale bars, 5 um (overview) and 2 pm (zooms)

B Hela cells shown in (A) at longer times after STS treatment. Images show sequential GFP-Bax translocation (green), which correlates with mitochondria
depolarization (TMRE, magenta). Scale bars, 5 pm.

C Hela cells overexpressing GFP-Bax mutant (1-2/L-6) (green) and mitochondria marked with TMRE 100 nM (magenta). Images show constitutive GFP-Bax localization
to healthy mitochondria without apoptosis induction. Right panels are zoomed images corresponding to the white rectangle in the left panel and represent the
individual and overlaid channels. Scale bars, 5 um (overview) and 2 pm (zooms).

D Standard deviation of the fluorescence intensity of GFP-Bax (blue) versus the corrected total cell fluorescence (CTCF) of TMRE (purple) in individual cells (N = 4).
CTCF = Integrated Density — (Area of selected cell x Mean fluorescence of 3 background readings). Time O corresponds to the normalized time when both events
cross in each cell. Black line represents the average of the individual cells.

In an effort to validate the connection between these defined transfected with the non-functional mutant GFP-Bax 1-2/L-6
structures and Bax role in MOM permeabilization, we examined the (Fig 2D). Consistent with the lack of activity, we detected a higher
signal of inactive Bax at mitochondria under control conditions by proportion of undefined dots and aggregates in GFP-Bax 1-2/L-6
SMLM. We acquired super-resolution images of healthy HeLa cells with respect to its wild-type counterpart (GFP-Bax WT) (Fig EV3),
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A GFP-Bax wild type
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Figure 2. Super-resolution of Bax by single-molecule localization microscopy reveals non-random structures in apoptotic mitochondria.

A Overview of a reconstructed super-resolution image of GFP-Bax-overexpressing Hela cells stained with AF647-anti-GFP nanobodies. Image was acquired on fixed
cells 3 h after apoptosis induction with STS. Dotted line shows the cell shape (see Fig EV2). Scale bar, 5 pm.

B Magnified reconstructed super-resolution image corresponding to the white rectangle in (A) showing the shapes of GFP-Bax WT structures (white arrows). Scale bar,
500 nm.

C Gallery of typical GFP-Bax WT structures during apoptosis found in all the analyzed cells. Scale bars, 100 nm.

D Overview (left) and 3 enlarged insets (right) of Hela cells overexpressing GFP-Bax 1-2/L-6 stained with AF647-anti-GFP nanobodies. Figure shows reconstructed super-

resolution images acquired without apoptosis induction. Scale bars, 5 um (overview) and 500 nm (insets).

which were in general smaller. To ensure a systematic, blind analy-
sis, we also classified the non-random structures detected as lines,
arcs, and full rings (we did not detect any double lines). We next
calculated different parameters for each structure in order to
compare them quantitatively under both conditions. Concretely, we
measured: (i) the area of dots and aggregates, (ii) the length of the
lines, (iii) the length and the radius of curvature of the arc assem-
blies, and (iv) the radius of the full rings (Fig 3D).

As GFP-Bax 1-2/L-6 is reliant on efficient disulfide-tethering in
the reducing environment of the cytosol, we cannot discard that
some of the structures and aggregates observed are due to incom-
plete linkage despite positive TRMRE staining. Nevertheless, and
although the number of clear complete rings of GFP-Bax WT mole-
cules was lower than that of other structures, they were almost
absent in the inactive mutant, which strongly supports their func-
tional character (Figs 3A and EV3). Their radius followed a normal
distribution centered on a diameter of 35 nm, in good agreement
with Bax pores observed in liposomes (Bleicken et al, 2010). In the
case of arc-shaped assemblies, their length was broadly distributed
and two peaks at approximately 100-300 and 400-500 nm could be
distinguished for GFP-Bax WT. Linear structures also followed a
wide distribution in the case of GFP-Bax WT with lengths centered

392 The EMBO journal Vol 35| No 4 | 2016

at 200-250 nm. In contrast, the inactive mutant exhibited less and
shorter arcs and lines. In agreement with Bax oligomerization
during apoptosis, also undefined structures were larger for GFP-Bax
WT than for GFP-Bax 1-2/L-6. In summary, these differences in the
signal suggest that the defined structures detected in the case of
GFP-Bax WT are distinct from those of the inactive mutant and con-
firm that they are related to the functional role of Bax in MOM
permeabilization during apoptosis.

Our quantification involved the total number of structures found
in all measured cells together, but it is also important to consider
cell-to-cell heterogeneities. To account for this, single cell cumula-
tive distribution functions for structures including dots, aggregates,
and lines were plotted. As shown in Fig 3B, mutant GFP-Bax 1-2/L-6
cells displayed in all cases considerably smaller structures than the
active protein. Besides, the cumulative distribution functions of
individual cells corresponding to WT or mutant GFP-Bax were simi-
lar and could be distinguished as two different populations. These
results confirm that the structures analyzed in the images of wild-
type and mutant GFP-Bax are significantly different from each other
and comparable in the different cells analyzed for each of them.

In the case of GFP-Bax structures organized as two lines or arcs
parallel to each other (Fig 2C), we cannot discard their possible

© 2016 The Authors
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Figure 3. Bax wild-type adopts different structures compared to the inactive mutant Bax 1-2/L-6.
A Quantification of the structures found on Bax wild-type (purple) and on Bax 1-2/L-6 (gray) overexpressing cells. Data show the total number of structures in all the

measurements. n (Bax wild-type) = 13, n (Bax 1-2/L-6) = 11.

B Cumulative distribution plots of GFP-Bax wild-type (purple) and GFP-Bax 1-2/L-6 (gray) showing differences in amplitude and frequency. Each plot represents a single
cell. Thick lines represent average cumulative distributions for all the single cells transfected with GFP-Bax WT or mutant GFP-Bax 1-2/L-6.

relevance in the molecular mechanism of Bax function at the MOM
despite their low numbers. They have a defined shape and their size
is comparable to the single lines. Indeed, these double structures,
only detected in GFP-Bax WT images, resembled the spiral assem-
blies proposed for the dynamin-like protein Drpl during mitochon-
drial fragmentation (Mears et al, 2011).

To rule out potential effects due to the presence of endogenous
Bax and Bak in the HeLa cells transfected with GFP-Bax, we also
performed SMLM experiments in Bax/Bak double knockout HCT116
cells transfected with GFP-Bax. In the absence of endogenous protein,
we could also identify a significant fraction of non-random GFP-Bax
structures including lines, double lines, arcs, and full rings of compa-
rable sizes (Fig 4A and B). In addition, in order to corroborate that
our results were not dependent on the sample preparation or imaging
technique, we directly measured GFP-Bax distribution (without
staining with nanobodies) during apoptosis with an alternative
super-resolution method, stimulated emission depletion microscopy

© 2016 The Authors

(STED). This technique has also showed improvements in resolution
up to 60 nm for imaging of GFP-labeled molecules (Willig et al, 2006;
Rankin et al, 2011). As observed in Fig 4C, the images obtained with
STED showed a substantial resolution increase compared to those
acquired with diffraction-limited imaging. This technique also
revealed comparable non-random assemblies of GFP-Bax shaped as
lines, arcs, rings, and even double lines (Fig 4D), supporting that the
structures characterized with localization microscopy reflect the
organization of Bax in apoptotic mitochondria.

Finally, to check whether the appearance of non-random Bax
structures correlated with the opening of pores at the MOM, we
analyzed the mitochondria of apoptotic HeLa cells transfected or not
with GFP-Bax using transmission electron microscopy (Fig 5). After
3 h of treatment with staurosporine, cells presented the typical
apoptotic phenotype with swollen endoplasmic reticulum and
reorganized mitochondrial cristae. In both cases, we detected events
of MOM disruption, which exhibited sizes in the same order of

The EMBO Journal Vol 35| No 4 | 2016
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Figure 4. Bax non-random structures shown on HCT116 Bax/Bak '~ cells
by SMLM and on Hela cells by STED microscopy.

A Overview of a reconstructed super-resolution image of GFP-Bax-
overexpressing HCT116 Bax/Bak /™ cells stained with AF647-anti-GFP
nanobodies. Image was acquired on fixed cells 7 h after apoptosis
induction with STS. Dotted line shows the cell shape (see Fig EV2). Scale
bar, 5 pm.

B Gallery of typical GFP-Bax WT non-random structures during apoptosis on
HCT116 Bax/Bak '~ cells. Scale bars, 100 nm.

C Comparison of confocal (left) and STED (right) images of GFP-Bax-
overexpressing Hela cells 2 h after STS treatment. STED reveals a notable
increase in resolution. Scale bars, 500 nm.

D Representative GFP-Bax non-random structures found with STED (lines,
arcs, rings, double lines). Scale bars, 100 nm.

magnitude as the Bax structures identified in the super-resolution
images. These pores or defects were absent in the MOM of control
healthy HeLa cells. These results support the role of the non-random
structures of GFP-Bax identified here in the formation of pores at
the MOM of apoptotic cells.

Bax shows a heterogeneous distribution at mitochondrial foci
during apoptosis

To determine the position and orientation of GFP-Bax structures on
the MOM, we carried out dual-color confocal and super-resolution
experiments. We first performed time series confocal imaging on HeLa
cells co-transfected with GFP-Bax and mito-dsRED (mitochondrial
marker) following STS treatment. After approximately 1 h, Bax
started to accumulate at discrete sites on mitochondria (Fig 6A).
However, confocal microscopy cannot provide information about
the structure or orientation of Bax assemblies on the membrane at
the nanoscale. For this reason, we performed two-color SMLM on
HeLa cells transfected with GFP-Bax, which were immunostained
3 h after apoptosis induction with AF647-anti-GFP nanobodies for
Bax signal and CoxIV antibody (with CF680 as secondary antibody)
as a mitochondrial marker. As an alternative to CoxIV imaging, we
co-transfected the cells with mMAPLE-mito, a photo-switchable

The EMBO Journal Vol 35| No 4 | 2016
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fluorescent protein suitable for SMLM that acted as mitochondrial
marker (Fig 6C).

The images qualitatively showed that all GFP-Bax signal
appeared heterogeneously distributed in discrete foci on mitochon-
dria in both cases, as expected. In particular, it localized along the
mitochondrial tubules as well as on mitochondrial ends (Fig 6B and
C). Non-random arrangements corresponding to Bax assemblies
could be distinguished in structures wrapping mitochondria, in
addition to dots and aggregates (Fig 6B and C). When we examined
whether the distribution of the non-random assemblies of GFP-Bax
was detected preferentially at specific sites along the mitochondrial
network, we did not observe any clear preference.

AFM demonstrates that both full rings and arc-shaped
assemblies of Bax perforate the membrane

To investigate whether the oligomeric arrangements of Bax detected
in apoptotic cells by super-resolution microscopy were related to
pore formation, we performed experiments of atomic force micro-
scopy (AFM). In addition to a high spatial resolution, this technique
also provides information about the 3D topography of the
membrane surface. For this purpose, we prepared supported lipid
bilayers from proteoliposomes containing activated, membrane-
bound Bax and we analyzed them with AFM. In contrast to control
samples, which exhibited largely flat membranes with few defects,
the supported lipid bilayers containing activated Bax were rich in
structures protruding 3.97 + 1.02 nm from the membrane plane
that corresponded to Bax clusters (Fig 7A and B). As in the
super-resolution microscopy experiments, Bax structures were also
heterogeneous in size and shape. They also included lines, rings,
and arc-shaped arrangements of protein in addition to random dots
and aggregates. For consistency, we performed the same structural
analysis of the non-random assemblies as with the super-resolution
images. As shown in Fig 7D, not only the size of the structures but
also their distribution was in very good agreement with the SMLM
results (Fig 3). This strongly suggests that the defined architectures
detected in both cases were alike.

Importantly, we were able to visualize membrane pores associ-
ated with defined structures in the samples containing Bax (Fig 7B
and C). These pores were also heterogeneous in size and shape, but
generally round with diameters ranging from around 24 to 176 nm
and appeared as steep depressions of 3.85 4+ 0.47 nm with respect
to the flat surface of the lipid bilayer, which fits well with the
membrane thickness. They were characterized by the presence of
higher structures corresponding to Bax molecules distributed along
the pore rim. Concretely, 97% of complete rings that we could
resolve contained a pore in the interior. In the case of arc-shaped
assemblies, 12% of them were also associated with membrane
pores, where Bax molecules covered only a fraction of the pore rim
and the rest corresponded to naked lipid bilayer. These results
provide a functional link to the structures identified by super-
resolution microscopy and AFM.

Discussion

Here, we report the assembly of Bax oligomers into a distribution of
rings and arc-shaped arrangements in the mitochondria of apoptotic

© 2016 The Authors



Raquel Salvador-Gallego et al ~ Super-resolution microscopy of Bax

The EMBO Journal

Figure 5. Transmission electron microscopy reveals mitochondrial outer membrane pores on apoptotic cells.

A Representative TEM pictures of HelLa wild-type cells. Bottom panels show healthy mitochondria. Scale bars, 500 nm (overview) and 200 nm (zooms).
B Representative TEM pictures of apoptotic Hela wild-type cells 4 h after STS treatment (1 pM). Black arrowheads point to defects on the mitochondrial outer

membrane. Scale bars, 500 nm (overview) and 200 nm (zooms).

C Representative TEM pictures of apoptotic HeLa GFP-Bax-transfected cells 4 h after STS treatment (1 pM). Black arrowheads point to defects on the mitochondrial

outer membrane. Scale bars, 500 nm (overview) and 200 nm (zooms).

cells. Based on the ability of these structures to form pores in pure
lipid bilayers, we propose a new molecular mechanism for Bax-
mediated MOM permeabilization during apoptosis.

We have studied the supra-molecular structure of active Bax by
two alternative super-resolution techniques, SMLM and STED. In
SMLM, only a portion of the fluorophores are stochastically acti-
vated at the same time and then precisely localized. After the accu-
rate localization of all the molecules, the super-resolution image can
be reconstructed. The working principle of STED is different from
SMLM: it is based on the overlay of a diffraction-limited spot with a
doughnut-shaped laser which depletes the fluorescence everywhere
in the focal region but in the very center of the spot (Hell &
Wichmann, 1994). As a result, the fluorescence emission is confined
to a very small region. The super-resolution microscopy data
showed a significant fraction of GFP-Bax signal localized at discrete
foci along mitochondria and organized into distinct architectures,
classified as full rings, arcs, and lines. These were characterized by
a wide distribution of sizes, with rings in the order of 50-100 nm in
diameter. Consistent with their biological relevance, an inactive
mutant version of Bax that is constitutively located at mitochondria
adopted a significantly different organization. Moreover, we
detected comparable structural arrangements of activated Bax using
STED microscopy in apoptotic cells and in supported lipid bilayers
using AFM imaging. The AFM images also showed that rings and a
fraction of the arc assemblies appeared piercing the membrane. We
cannot discard the presence of smaller Bax assemblies associated
with pores that are below the resolution limit inherent to the tech-
niques. This is around 20 nm for SMLM and between 20 and 45 nm
for AFM under our specific experimental conditions (nominal tip
radius of 20 nm). Our results demonstrate that lipids directly partici-
pate in the pore architectures formed by Bax and that the protein
molecules may or not cover the full pore rim. To our knowledge,

© 2016 The Authors

this is also the first direct evidence that Bax oligomers delineate
membrane pores. Furthermore, these findings strongly suggest that
the Bax structures identified at mitochondria are directly involved in
MOM permeabilization via direct pore formation. Similar conclu-
sions were drawn from independently performed STED experi-
ments, which recently came to our attention (Grofse et al, 2016).

Our data reveal a non-uniform organization of Bax oligomers at
the MOM. Consistent with our results, Bax pores ranging from 3.5
to several hundreds of nanometers (Dewson et al, 2012, Czabotar
et al, 2013), which allow 2-MDa dextran particles to pass (Kuwana
et al, 2002), as well as multiple types of Bax aggregates (Tan et al,
1999; Antonsson, 2001; Annis et al, 2005), have been previously
described. Such heterogeneity is in contrast with results obtained
for other pore-forming proteins (Sonnen et al, 2014; Metkar et al,
2015) and precluded further modeling of the Bax pore structure by
averaging approaches. Nevertheless, by overlapping scaled 3D
structures of Bax dimers into the membrane pores in the AFM
images (Fig EV4), we speculate a rough number of Bax molecules
that could be lining a pore. Although these representations should
be taken with care, the cartoons of two individual pores suggest that
in the order of 8-10 Bax dimers might be sufficient to stabilize rela-
tively large pores (around 100 nm), which would also be lined by
lipids. The number of Bax dimers could be less in the case of
smaller pores and pores lined by Bax arcs. Altogether, our findings
argue in favor of a model by which Bax assembles into a flexible
toroidal pore structure able to change in size depending on Bax
density in the membrane (Bleicken et al, 2013a). This model would
explain the different sizes of the pores and oligomers formed by Bax
(Kuwana et al, 2002; Fuertes et al, 2010; Bleicken et al, 2013a),
without discarding that additional proteins like Bak or other
unknown factors, not detected here, could also be forming part of
the pore structure.

The EMBO Journal Vol 35| No 4 | 2016

395



The EMBO Journal

A Confocal: B
GFP-Bax/mito-dsRED
85 min 40 min:

Superresolution:
GFP-Bax/CoxIV

Super-resolution microscopy of Bax Raquel Salvador-Gallego et al

Superresolution:
GFP-Bax/mMaple-mito

Figure 6. Bax localizes heterogeneously to discrete mitochondrial foci during apoptosis.

A Left panel shows the individual channels and overlaid images of confocal live cell imaging of Hela cells overexpressing GFP-Bax (green) and mito-dsRed (magenta) at
0 and 85 min after apoptosis induction with STS 1 uM. Right panel shows zoomed overlaid images of HeLa cells following GFP-Bax translocation (green) and
mitochondrial fragmentation (magenta) during apoptosis induction with STS 1 puM. Scale bars, 10 um (left) and 2 pm (right)

B Reconstructed dual-color super-resolution image of GFP-Bax-overexpressing Hela cells. GFP-Bax was imaged by immunostaining with AF647-anti-GFP nanobodies
and mitochondria were immunostained with CoxIV (primary) and cf680 (secondary) antibodies. Image was acquired 3 h after STS treatment. Left panel shows the cell
overview (scale bar, 5 um), right panel up shows the overview inset (scale bar, 500 nm), and right panel down shows a non-random linear GFP-Bax assembly at

mitochondria (scale bar, 100 nm).

C Reconstructed dual-color super-resolution image of Hela cells co-overexpressing mMaple-mito and GFP-Bax and stained with AF647-anti-GFP nanobodies. Image
was acquired 3 h after STS treatment. Lower panel shows enlarged insets corresponding to the white rectangles in the upper panel. Scale bars, 1 um (overview) and

100 nm (insets)

Most of the Bax signal detected with SMLM corresponded to
random, undefined clusters, from which no specific molecular orga-
nization could be distinguished. This could be related to partial
labeling with the nanobodies, insufficient spatial resolution due to
out of focus effects, wrong orientation of the structure with respect
to the observation plane, or simply no supra-organization of a frac-
tion of Bax oligomers at the nanometer scale.

Along these lines of reasoning, it is important to consider that
the variety of defined Bax structures including lines, arcs, and
rings could correspond to the same type of supramolecular orga-
nization observed from different angles or with different degrees
of assembly. On the one hand, in the case of complete rings and
arcs, only those which are observed perpendicular to the ring/arc
plane would be detected as such in the two dimensional SMLM
approach used here, while any other orientation would likely
appear as a line, or less likely due to off-focus blurring, as an
ellipse or incomplete ellipse. Within the cell, the tubules of the
mitochondrial network can adopt all possible orientations, where
the longer tubes have a preference for those orientations best
adapting to the cellular shape. As a result, it is unlikely that most
of Bax rings and arcs would be detected and classified as such,
which is in agreement with the lower frequency of these struc-
tures in comparison with lines. Besides, the length of lines and
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arcs is in the same range as the diameter of the full rings, taking
into account the variations in the size of the different structures
observed, which would also support this possibility. On the other
hand, lines, arcs, and rings could represent different stages in the
assembly of nascent evolving Bax pores. In this scenario, Bax
molecules would first organize into linear and arc-shaped struc-
tures and some of them would evolve into complete rings. It
could also be that lines and arcs correspond to kinetically trapped
intermediates in the process of full ring assembly. Interestingly,
the AFM data in supported bilayers, where both rings and arc-
shaped assemblies of Bax coexist with the same orientation with
respect to the membrane plane and are involved in pore forma-
tion, demonstrate the existence of lines, arcs, and rings as distinct
structures of Bax oligomers. Nevertheless, both situations are not
mutually exclusive, and it is conceivable that the structures
detected in apoptotic mitochondria correspond to a mixture of dif-
ferent assembly stages observed from different orientations.

Our finding that not only full rings but also arc-shaped Bax
assemblies form membrane pores has unanticipated implications
for the molecular mechanism how Bax permeabilizes the MOM in
apoptosis (Fig 8). Stabilization of toroidal pores requires a decrease
in the line tension associated with the extremely high membrane
curvature generated at the pore edge (Karatekin et al, 2003). In

© 2016 The Authors
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Figure 7. Full rings and arc-shaped assemblies of Bax are associated with membrane pores, as visualized by AFM.

A
B

AFM image of a control SLB prepared from LUVs with a mitochondrial-like lipid composition. The bilayer looks flat, without aggregates or defects. Scale bar, 1 um.
AFM image of a SLB prepared from LUVs with a mitochondrial-like lipid composition pre-incubated with heat-activated Bax. The green arrowheads indicate the

presence of membrane pores, which are heterogeneous in size and shape. The edges of the pores present protrusions corresponding to Bax clusters. Scale bar, 1 pm.

3D AFM topography of a Bax arc (left) and ring (right). Both images reveal a circular dark hole that spans the lipid membrane (green). Bax molecules around the pore

rim (magenta and white) protrude 3.97 + 1.02 nm above the membrane plane, as confirmed by the height profiles shown below each image (corresponding to the
white line in the 2D image insets). The topography of the arc structure reveals a pore only partially surrounded by Bax molecules, while lipids alone form the rest of

the pore rim. Images are shown in a 42° tilted representation.
D

Data information: If not differently specified, the scale bar in all the images is 100

agreement with this, a peptide derived from helix 5 of Bax, which
reproduces the pore activity of the full-length protein, is able to
reduce line tension at interfaces with high curvature stress (Garcia-
Saez et al, 2005, 2007). In this scenario, both full and partial
coverage of the pore boundary by protein molecules could provide
enough line tension reduction to stabilize the open pore state.
Recent studies with pore-forming toxins of the membrane attack
complex/perforin/cholesterol-dependent  cytolysin  superfamily,
which also form toroidal pores but based on fB-structural elements,
report the involvement of both complete rings as well as arc-
shaped oligomeric assemblies in pore formation (Gilbert et al,
2014; Leung et al, 2014; Sonnen et al, 2014; Metkar et al, 2015;
Stewart et al, 2015). Incomplete coverage of the pore rim has also
been observed for Bax monomers in lipid nanodisks (Xu et al,
2013). Based on this, we propose that the physical-chemical princi-
ple by which Bax stabilizes membrane pores is not by building a
poly-peptide wall that buries the hydrophobic membrane core, but
rather by releasing the curvature stress at the membrane edge (Ros
& Garcia-Saez, 2015).

The set of architectures of Bax oligomers in apoptotic mitochon-
dria and their relationship to pore formation demonstrated here

© 2016 The Authors

nm.

Quantitative analysis of the distinct structures found for activated Bax on SLBs. Data show the total number of structures in all the measurements.

support a new molecular mechanism of Bax during apoptosis
(Fig 8). Upon activation, Bax would accumulate in mitochondria,
where it would undergo a conformational change accompanied by
extensive membrane insertion (Garcia-Saez et al, 2004; Annis et al,
2005). Bax molecules would then stably associate via their dimeriza-
tion domain (Dewson et al, 2008, 2012; Bleicken et al, 2010, 2014;
Zhang et al, 2010; Czabotar et al, 2013; Aluvila et al, 2014; Subburaj
et al, 2015) and continue to self-assemble into larger oligomers,
which might contain Bak or other MOM proteins (Zhou & Chang,
2008). These oligomers would initially organize as linear and arc-
shaped structures, some of which would induce the opening of
MOM pores responsible for the release of the apoptotic factors
(Fig 8A). In order to stabilize these pores, Bax oligomers would
partially delineate the pore edge in a “clamp” conformation
(Bleicken et al, 2014) (Fig 8B). Incorporation of additional Bax
molecules into the pore structures would then lead to the formation
of full Bax rings and to pore growth.

In summary, here we report the supramolecular organization of
Bax oligomers at mitochondria of apoptotic cells with unprecedented
detail. We identify complete rings as well as arc-shaped and linear
assemblies that are characteristic of functional Bax. We also show
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Figure 8. Model for the supramolecular organization of Bax at the MOM during apoptosis.

A lllustration of the possible roles for the Bax non-random assemblies revealed by SMLM and AFM during apoptosis. Linear and arc clusters not perforating the
membrane could correspond to Bax at initial stages of gathering on healthy mitochondria. They would evolve toward opening of membrane pores, where the protein
is covering completely (full rings) or partially (arcs) the pore rim. We cannot exclude that a fraction of the linear and arc-shaped assemblies correspond to Bax pores
observed from different perspectives. The number of red spheres (Bax dimers) is illustrative and does not need to correlate with the actual number present in the

structures.

B The mechanism by which Bax permeabilizes the membrane is mainly by releasing the curvature stress at the membrane edge. Full as well as partial coverage of the
pore rim by Bax molecules could reduce line tension enough to stabilize the open pore state. The illustration shows an incomplete ring assembly of active Bax dimers

adopting a clamp-like structure at the pore interface (Bleicken et al, 2014).

that both rings and arcs of Bax oligomers have the ability to perforate
membranes, which links these structures with Bax function. Alto-
gether, our results reveal an unanticipated molecular mechanism by
which Bax mediates MOM permeabilization during apoptosis.

Materials and Methods
Cell culture and transfection

HeLa cells were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) (Invitrogen, Germany) and HCT116 Bax/Bak ™/~ cells in
McCoy’s 5 A medium, both supplemented with 10% fetal bovine
serum (FBS) (Invitrogen) and 1% penicillin/streptomycin (Invitrogen,
Germany). Cells were transfected with Lipofectamine 2000 at 70-80%
confluence. Cells were incubated with 100 ng DNA and 0.5 pl Lipofec-
tamine 2000 per well in a glass bottom 8-well p-slide (IBIDI) during
12 h for confocal imaging (6 h with GFP-Bax 1-2/L-6). For cell frac-
tionation, cells were cultured in 15-cm dishes and transfected with
10 pg DNA and 5 ul Lipofectamine 2000 (HeLa) or 10 pg DNA and
12 pl Turbofect (HCT116). The construct GFP-Bax was a generous gift
from Dr. Nathan Brady (DKFZ, Heidelberg); GFP-Bax 1-2/L-6 was
kindly given by Dr. Frank Edlich (Institute for Biochemistry and
Molecular Biology, University of Freiburg) (Edlich et al, 2011). For
mitochondrial staining, cells were incubated with 100 nM Mito-
Tracker Red or TMRE (Life Technologies, Germany) for 30 min. Apop-
tosis was induced with 1 uM of staurosporine (Sigma, Germany).

Confocal live cell imaging
After transfection in a glass bottom 8-well p-slide (IBIDI, Germany)

and staurosporine induction, cells were maintained in phenol red-
free DMEM at 37°C and 5% CO, for imaging. Acquisition was made
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with a Zeiss LSM 710 ConfoCor3 microscope (Carl Zeiss, Jena,
Germany) equipped with a temperature and CO, using a C-Apo-
chromat x40 N.A. 1.2 water immersion objective (Zeiss). Excitation
light came from argon ion (488 nm) or HeNe (561 nm) lasers.
Images were processed with FiJi.

Cell fractionation and protein cross-linking

Cells were grown on dishes, transfected with GFP-Bax as described
above, trypsinized, and washed with PBS. For total protein extrac-
tion, cell pellet was resuspended in ice-cold RIPA buffer (150 mM
sodium chloride, 1.0% Triton X-100, 0.5% sodium deoxycholate,
0.1% SDS, 50 mM Tris, pH 8.0), incubated for 30 min on ice, and
centrifuged at 21,000 g for 30 min. Supernatant was collected and
boiled for 5 min in 6x sample loading buffer. For mitochondrial
protein extraction, cell pellet was resuspended in mitochondrial
isolation buffer (MB) (210 mM mannitol, 70 mM sucrose, 1 mM
EDTA, 10 mM Hepes pH 7.4) and homogenized in a teflon douncer
for 100 strokes (cell integrity was checked by trypan blue dye). The
samples were centrifuged at 800 x g for 10 min several times (until
no pellet was visible). Supernatant was collected and centrifuged at
10,000 x g for 10 min to pellet the mitochondrial fraction. Mito-
chondria were resuspended in MB Buffer and post-mitochondrial
supernatant was centrifuged at 100,000 x g for 60 min to obtain the
cytosolic fraction. Mitochondrial and cytosolic extracts were boiled
for 5 min in 6x sample loading buffer and processed for elec-
trophoresis and Western blotting. For the cross-linking assay, puri-
fied mitochondria were incubated with BMH (10 mM final
concentration, added from a 50x BMH stock solution in DMSO) at
RT for 45 min under gentle agitation. BMH was then quenched in
0.5 M DTT in MB buffer for 15 min at RT.

Mitochondria were centrifuged at 9,000 x g, and mitochondrial
pellet was resuspended and washed twice in MB Buffer. Mitochondria
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were then boiled in 6x sample loading buffer and processed for
electrophoresis in 10% acrylamide gels and Western blotting.

Western Blot

Discontinuous SDS-PAGE was performed according to Laemmli in
10% acrylamide gels. Proteins were transferred onto a PVDF
membrane (Millipore, no. ISEQ07850) using a semi-dry Turbo-blot
apparatus (Bio-Rad). The membrane was blocked with 5% milk in
1x TBST at RT for 1 h and incubated at 4°C overnight with the
appropriate antibody in a ratio of 1:1,000 (Bax (Cell Signaling
#2772S), Actin (Millipore #691001), VDAC (Abcam #14734)). After
washing with 1x TBST, the secondary antibody was added in a ratio
of 1:10,000 in 5% milk and incubated from 1 h at RT. Membrane
was washed with 1x TBST, and the immunoreactive bands were
visualized by ECL chemiluminescence (WESTERN LIGHTNING™
Plus-ECL, PerkinElmer).

STED microscopy

Cells were grown on 15-mm round glass coverslips for 24 h to 70—
80% confluency, transfected, and fixed with 4% paraformaldehyde
(PFA) in PBS for 15 min at room temperature. After washing 3x
with PBS, coverslips were mounted on slides with Mowiol and dried
overnight.

For measurements with the STED microscope, a pulsed diode
laser operating at 485 nm (LDH-P-C-485 PicoQuant GmbH,
Germany) and a pulsed raman fiber laser operating at 560 nm
(PRFL Series, MPB Communication Inc., Canada) were used for
excitation and stimulated emission, respectively. The STED beam
is spatially formed to a doughnut by a vortex phase plate (VPP-2,
RPC Photonics, USA). On a long-pass filter (BLP01-561, Semrock
Inc., USA), both excitation and STED beam are overlaid and
coupled to the microscope stand (Leica Microsystems, Germany)
utilizing an 100x oil objective (1.4NA, HCX PL APO, Leica
Microsystems, Germany). Four galvanometer mirrors (6210H,
Cambridge Technologies, USA) scan the image field. The fluores-
cence is separated on a band-pass filter (ET525/50M, Chroma
Technology Corp., USA) and guided to a hybrid photodetector
(R10467U-40 Hamamatsu Cooperations, Japan). A FPGA-based
software controls the hardware and the data acquisition. Export
of the raw data into tiff-Files and the Gaussian filtering was done
with ImSpector® Image Acquisition & Analysis Software v0.10
(http://www.imspector.de).

Single-molecule localization microscopy

Cells were grown on 24-mm round glass coverslips for 24 h to
70-80% confluency, transfected, and fixed in 4% PFA in PBS for
15 min at room temperature. Coverslips were then incubated for
15 min in PBS with 50 mM NH4Cl and permeabilized in PBS
with 0.25% Triton X-100 for 5 min. Cells were washed 3x for
S min in PBS and blocked for 45 min in PBS with 1% BSA.
Labeling was done with AF647-anti-GFP nanobodies (1/2,000)
and anti-CoxIV (1/50) primary antibodies (Cell Signaling, #11967)
in 1% BSA for 90 min. After extensive washes with PBS, cover-
slips stained for CoxIV were incubated for 30 min at room
temperature with CF680 anti-mouse secondary antibodies (1:500

© 2016 The Authors

The EMBO Journal

in 1% BSA). Samples were mounted and imaged in a custom-
made microscope (Schoen et al, 2011) and covered with 300 pl
of imaging buffer (50 mM Tris-HCI pH 8, 10 mM NaCl, 10%
(v/w) glucose, 35 mM cysteamine (MEA), 0.5 mg/ml glucose
oxidase (Sigma), and 40 pg/ml catalase (Sigma)). We used an
exposure time of 15 ms for single color and 30s for dual-color
measurements and an EM gain of 100. Imaging laser intensity at
640 nm was 2.5 kW/cm?, and the 405-nm activation laser inten-
sity was automatically adjusted to keep a constant number of
localizations per frame. Typically 70,000-100,000 frames were
recorded. Analysis was performed using a custom Matlab script.
Localizations with uncertainties above 15 nm were discarded.
Images were rendered using a Gaussian with a width according
to the localization precision. Image analysis of the random and
non-random structures was done with ImageJ. Histogram bin
number for GFP-Bax structures was determined by the square
root of the number of events. For clarity, the same bin width
was used for GFP-Bax-1-2/L-6 structures despite the lower
number of events.

Transmission electron microscopy

Cells were scrubbed from cell culture dishes, fixed for 1 h at 4°C in
glutaraldehyde (2% solution in 0.1 M cacodylate buffer pH 7.4),
and very carefully centrifuged (300 rpm for 30 s). Cell precipitate
was imbedded in 3% agarose. Cell agarose block was cut in small
pieces (1.5 mm x 3 mm) and washed with cacodylate buffer
followed by postfixing with 1% osmium tetroxide in 0.1-M cacody-
late buffer. Dehydration was then started by a series of incubations
in 30%, 50%, and 70% ethanol. The samples were stained
with saturated uranyl acetate. Dehydration was continued by
incubations in 70%, 80%, and 96% ethanol, absolute ethanol, and
propylene oxide. Each cell agarose block was then embedded
in Epon.

Ultrathin sections (70 nm) were made, stained with lead citrate,
and observed under an electron microscope (model 900; Carl Zeiss,
Oberkochen, Germany).

Atomic force microscopy

Full-length human Bax was expressed in Escherichia coli and
purified according to Bleicken et al (2010). Protein quality and
activity was checked as in Bleicken et al (2010). L-a-phosphati-
dylcholine from egg (EPC), L-a-phosphatidylethanolamine (PE),
L-a-phosphatidylinositol from bovine liver (PI), phosphatidylserine
from brain (PS), and cardiolipin (CL) from bovine heart were
purchased from Avanti Polar Lipids (Alabaster, AL). Lipids were
mixed in the ratio 48.5:27.2:9.9:10.0:4.4 mol % (EPC:PE:PL.PS:CL,
respectively) to approximate the composition of the mitochon-
drial outer membrane (MitoMix), as in Bleicken et al (2012).
Supported lipid bilayers (SLBs) were prepared as in Unsay et al
(2013). Briefly, lipid mixtures were rehydrated to a final concentra-
tion of 0.6 mg/ml in SLB buffer (150 mM NaCl, 10 mM HEPES, pH
7.4). Large unilamellar vesicles (LUV) were obtained by extrusion
through a polycarbonate membrane with 200-nm pore size. In order
to obtain proteoliposomes, LUVs were pre-incubated for 1 h with
heat-activated Bax (50 or 100 nM at 43°C). The liposome or prote-
oliposome solution was put in contact with freshly cleaved mica
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previously glued to a coverslip. CaCl, was added to a final concen-
tration of 3 mM and incubated at 37°C for 2 min. The samples were
rinsed several times with SLB buffer to remove CaCl, and unfused
vesicles, and then allowed to equilibrate at room temperature before
analysis.

Supported lipid bilayers were imaged using a JPK NanoWizard Il
system (JPK Instruments, Berlin, Germany) mounted on an
Axiovert 200 Inverted Microscope (Carl Zeiss). Intermittent contact
(IC or tapping) mode images were taken using V-shaped silicon
nitride cantilevers with a typical spring constant of 0.08 N/m.
The cantilever oscillation was tuned to a frequency between 3 and
10 kHz, and the amplitude was set between 0.2 and 1 V. The
amplitude was varied during the experiment to minimize the
force of the tip on the bilayer. The scan rate was set to 0.5-1 Hz.
Images were processed by the JPK processing software, apply-
ing a smoothing function. Bilayer thickness was measured based on
the height profiles from the mica (membrane defects or pores) to
the membrane bulk. The height of the structures around the
pores was measured based on the height profile from the
membrane bulk.

Expanded View for this article is available online.
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