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Visual and functional demonstration of 
growing Bax-induced pores in mitochondrial 
outer membranes
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ABSTRACT  Bax induces mitochondrial outer membrane permeabilization (MOMP), a critical 
step in apoptosis in which proteins are released into the cytoplasm. To resolve aspects of the 
mechanism, we used cryo-electron microscopy (cryo-EM) to visualize Bax-induced pores in 
purified mitochondrial outer membranes (MOMs). We observed solitary pores that exhibited 
negative curvature at their edges. Over time, the pores grew to ∼100–160 nm in diameter 
after 60–90 min, with some pores measuring more than 300 nm. We confirmed these results 
using flow cytometry, which we used to monitor the release of fluorescent dextrans from 
isolated MOM vesicles. The dextran molecules were released gradually, in a manner con-
strained by pore size. However, the release rates were consistent over a range of dextran 
sizes (10–500 kDa). We concluded that the pores were not static but widened dramatically to 
release molecules of different sizes. Taken together, the data from cryo-EM and flow cytom-
etry argue that Bax promotes MOMP by inducing the formation of large, growing pores 
through a mechanism involving membrane-curvature stress.

INTRODUCTION
Apoptosis is a prominent type of active cell death in higher eukary-
otes. The elimination of undesirable cells through apoptosis is im-
portant both for normal tissue homeostasis and for embryonic devel-
opment and in diseases such as cancer (Hanahan and Weinberg, 
2011). Clearly, therefore, understanding the molecular mechanism of 
apoptosis is relevant to human health. Most apoptotic signaling 
pathways converge on mitochondria to promote a critical event 

known as mitochondrial outer membrane permeabilization (MOMP). 
MOMP results in the release of proapoptotic proteins, such as cyto-
chrome c and SMAC, that are normally confined to the mitochondrial 
intermembrane space (Liu et al., 1996; Kluck et al., 1997; Yang et al., 
1997). When released into the cytoplasm, these proteins trigger the 
activation of caspases, which cleave key protein substrates that carry 
out the apoptotic program. However, even if caspases are inactive 
for some reason, MOMP also initiates a progressive deterioration of 
mitochondrial composition and function, thereby incapacitating cells 
(Lartigue et al., 2009). Thus MOMP is a critical event in apoptosis.

Apoptotic cell death is regulated by the Bcl-2 family of proteins, 
which function, in part, through a complex set of heterodimeric in-
teractions localized in the mitochondrial outer membrane (MOM; 
Letai et al., 2002; Chen et al., 2005; Kuwana et al., 2005; Chipuk 
et al., 2010; Llambi et al., 2011; Volkmann et al., 2014). Bcl-2 family 
proteins belong to three functional subgroups that can be distin-
guished by how many of the Bcl-2 homology (BH) sequence do-
mains, BH1–BH4, they possess. Two family members, Bax and Bak 
(containing BH1–BH3), are apoptotic effectors, which kill cells by 
promoting MOMP. Bax and Bak are constitutively present in cells 
but, under apoptotic conditions, are activated by certain Bcl-2 fam-
ily members belonging to the BH3-only group (e.g., Bid, Bim, and 
Puma). On the other hand, the prosurvival members of the Bcl-2 
family (e.g., Bcl-2, Bcl-xL, and Mcl-1) antagonize MOMP by 
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lacked such artifacts. In these areas, all the untreated OMV mem-
branes were smooth and ellipsoid (Figure 1A). In contrast, when we 
incubated OMVs with Bax along with cleaved Bid (cBid, a BH3-only 
protein that activates Bax), many of the vesicles exhibited a single 
membrane pore. Often we observed areas of negative (i.e., inward 
or concave) membrane curvature flanking the pore (Figure 1B, aster-
isks). We note that these curvature effects are unlikely to result from 
sudden osmotic changes for two reasons: first, in these cryo-EM 
experiments, we did not load the OMVs with dextrans; second, 
MOMs are permeable to small molecules, as they contain VDAC 
(voltage-dependent anion channel) protein. Thus a significant os-
motic pressure differential across the membrane cannot occur. 
Rather, the membrane curvature we observed is likely caused by the 
action of Bax in the membrane. The images strongly suggest that 
Bax-induced pores are formed by a lipidic mechanism that involves 
curvature stress.

By careful inspection of 1296 vesicles in undisturbed regions of 
the grid, we determined with a high degree of statistical significance 
that pores were present only in the Bax/cBid-treated OMVs (Figure 
2A). Furthermore, as hypothesized, increasing the Bax concentration 
increased the frequency of OMVs with pores (p = 0.0286, one-tailed 
Mann-Whitney test). Importantly, the pores grew over time, reaching 
a mean diameter of ∼60–90 nm after 20–30 min of incubation with 
Bax/cBid and ∼100–160 nm after 60–90 min (Figure 2B). Also, the 
pores were wider when OMVs were incubated with a higher Bax 
concentration. Increasing the Bax concentration, however, did not 
cause more than one pore to form in each OMV. From this, we infer 
that integrated Bax molecules deform the membrane on a large 
scale but in a locally organized way. We saw no evidence of OMV 
doublets and therefore no sign of hemifusion, which had been pro-
posed as a MOMP mechanism potentiated by Drp1 (Montessuit 
et al., 2010). Indeed, our previous work showed that Bax-induced 
permeabilization of isolated rat and Xenopus OMVs does not in-
volve Drp1 (Kushnareva et al., 2012). Briefly stated, our OMV prepa-
rations do not contain detectable amounts of Drp1. Moreover, the 
addition of recombinant Drp-1 does not affect the release kinetics 
observed for rat or Xenopus OMVs, and OMV permeabilization is 
independent of GTP and ATP, which were previously shown to be 
required for the functions of Drp1. Paradoxically, mDivi-1 analogues 
(compounds that inhibit Dnm1, the yeast orthologue of Drp1) do 
inhibit Bax-induced permeabilization of rat (Kushnareva et al., 2012) 
and Xenopus OMVs (unpublished observations). For the reasons just 
mentioned, these compounds apparently inhibit MOMP by target-
ing a still-unidentified MOM-resident protein distinct from Drp1.

A flow-cytometry assay to distinguish two modes of 
macromolecular release from native MOM vesicles: 
“gradual” and “all-or-none”
As a complement to this ultrastructural method, we developed a 
novel functional approach to follow the process of Bax-induced 
membrane permeabilization. Using flow cytometry, we analyzed the 
amount of fluorescein-labeled dextran (F-dex) contained within indi-
vidual OMVs at various times after Bax activation. We predicted 
that, by examining the changes in the peak of fluorescent OMVs 
over time, we could distinguish between two possible modes of re-
lease: gradual and all-or-none (Figure 3A). The gradual mode of re-
lease would be manifested as a shift of the fluorescent vesicle peak 
to the left, that is, a reduction in median fluorescence intensity (MFI) 
corresponding to lower F-dex content. In contrast, the all-or-none 
mode would reduce the total number of vesicles that contained F-
dex and simultaneously cause a low-MFI peak of empty OMVs to 
emerge.

heterodimerizing with Bax, Bak, and BH3-only proteins (Tanaka and 
Youle, 2008; Chipuk et al., 2010).

Bax/Bak-induced membrane permeabilization has been ana-
lyzed both in whole cells and in cell-free membrane systems (Kluck 
et al., 1997, 1999; Eskes et al., 1998; Basanez et al., 2002; Billen 
et  al., 2008). Recent molecular structure studies have elucidated 
some of the early conformational changes in Bax and Bak that ac-
company their activation (Dewson et al., 2008; Dewson and Kluck, 
2009; Gavathiotis et al., 2008; Braun et al., 2010; Czabotar et al., 
2013; Hilgendorf et al., 2013; Moldoveanu et al., 2013). However, 
the ultrastructural features of Bax/Bak-induced membrane permea-
bilization in the native MOM remain unexplored.

In our earlier work, we found that MOM vesicles (OMVs) loaded 
with very large fluorescent dextrans are capable of releasing those 
dextrans upon treatment with Bax and cBid (Kuwana et al., 2002). 
We hypothesized that Bax-induced openings in the MOM, rather 
than being fixed-size proteinaceous pores, are large and form 
through a lipidic mechanism. To test this hypothesis, we used cryo-
electron microscopy (cryo-EM) to visualize Bax-induced pores 
formed in native outer membranes. In parallel, we developed a 
functional assay to explore the manner in which Bax promotes mac-
romolecular efflux through the MOM. Using flow cytometry, we 
followed the release of fluorescent dextrans from OMVs over time. 
On the basis of the concordance between our cryo-EM and flow-
cytometry data, we gained insight into the mechanism through 
which Bax permeabilizes the MOM.

RESULTS
Direct visualization of Bax-induced outer membrane pores 
by cryo-EM
It is well established that activated Bax and Bak proteins permeabi-
lize the MOM during apoptosis, causing the release of a number of 
proteins into the cytoplasm. The released proteins can be fairly 
large, for example, type-I RNA helicase (123 kDa; Van Loo et al., 
2002). However, investigations so far have failed to reveal details of 
the MOM structures that allow this macromolecular efflux. In par-
ticular, our earlier studies using thin-section and negative-stain elec-
tron microscopy (EM) were unable to detect any stable membrane 
alterations produced by Bax in the MOM (Kuwana et al., 2002). In 
this study, we hypothesized that Bax permeabilizes membranes nei-
ther by disrupting them in a detergent-like manner nor by forming 
fixed-size proteinaceous channels. Rather, we predicted that Bax in-
duces the formation of membrane pores that are supramolecular in 
scale, albeit fairly labile. To directly visualize Bax-induced membrane 
alterations, we used cryo-EM. This technique is challenging for 
structures as large as mitochondria but can capture transient and 
subtle membrane changes in a native, hydrated state.

In initial experiments, we were unable to preserve the structures 
of whole mitochondria in vitreous ice, perhaps because of the com-
plexity and relative rigidity of these organelles. However, we suc-
ceeded in freezing isolated OMVs prepared from Xenopus egg mi-
tochondria. Our previous work validated the use of OMVs to study 
the biochemical mechanisms of Bax-induced MOMP (Kuwana et al., 
2002; Kushnareva et al., 2012). Xenopus egg OMVs are ellipsoidal 
and as large as isolated mitochondria (∼600 nm by dynamic light 
scattering [DLS]; Supplemental Figure 2). Devoid of interior mito-
chondrial components, they consist only of resealed MOMs. Sup-
plemental Figure 1 shows a low-magnification cryo-EM view. Be-
cause of their size, OMVs tended to reside in thick ice areas. In some 
areas of the grids, the OMVs displayed stretching artifacts that ap-
parently arose from solvent flow during the freezing procedure. 
Therefore we carefully located regions in which multiple OMVs 
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single peak appeared with an MFI interme-
diate between the full and empty OMVs 
(Supplemental Figure 3); this revealed that 
the instrument had registered the sum fluo-
rescence intensities of OMV clusters rather 
than individual OMVs. On the other hand, 
under conditions in which the swarm artifact 
was avoided, the mixture of OMVs was re-
solved correctly into two well-separated 
peaks corresponding to the MFIs of the full 
and empty OMVs (e.g., Figures 3C and 4, 
bottom).

The OMV populations exhibited some 
size heterogeneity, as shown by side-scatter 
analysis. In two-dimensional plots of fluores-
cence versus side scatter (Supplemental 
Figure 4), the OMVs displayed a slanted 
distribution, showing that F-dex loading 
was essentially proportional to side scatter. 
When histograms of the fluorescence inten-
sity were generated (projections on the fluo-
rescence axis), this heterogeneity caused a 
considerable smearing of the OMV peaks. 
To better resolve the peaks, we devised a 
“slice” gate that restricted the analysis to a 
major subset of the population in the central 
portion of the side-scatter distribution (Sup-
plemental Figure 4). This gating approach 
took advantage of our observation that the 
entire Bax-permeabilized OMV population 
shifted leftwards in this two-dimensional 
analysis; that is, the OMVs maintained a 
nearly identical side-scatter distribution 
throughout permeabilization (Supplemental 
Figure 4). Therefore, even though we ig-
nored the tails of the distribution at high and 
low side scatter, we could be confident that 
the OMVs in the slice subset accurately rep-
resented the behavior of the whole 
population.

We further validated the flow-cytometry 
approach using simulation experiments 
done in the absence of added Bax. To mimic 
the gradual release mode, we loaded the 
vesicles with different concentrations of F-
dex. As expected, reducing the internal 
concentrations of F-dex caused the peak to 
shift to lower fluorescence intensity (Figure 
3B). We verified that these concentrations of 
F-dex loaded in OMVs did not produce 

fluorescence quenching (unpublished observations); therefore any 
decrease in MFI faithfully reflected the loss of F-dex from the vesi-
cles. To simulate the all-or-none release mode, we mixed fully per-
meabilized and nonpermeabilized OMVs at set ratios. We observed 
the expected decrease and increase in the amplitude of the respec-
tive peaks (Figure 3C).

Additionally, we reasoned that we could probe the effective Bax-
induced pore sizes by loading OMVs with F-dex of various molecular 
weights (10–500 kDa) under the assumption that the dextran mole-
cules can only be released by pores of at least the same diameter. 
Published Stokes diameters for these dextran preparations were as 
follows: 10 kDa, 4.73 nm; 70 kDa, 11.6 nm; and 500 kDa, 29.4 nm 

To analyze a nearly constant sample volume, we used a fixed 
sampling time; the instrumental flow rate was fairly constant, as il-
lustrated by the reproducibility of OMV peak sizes over multiple 
runs (e.g., Figure 4, 0 nM Bax, at top). To avoid an artifact known as 
“swarm detection” (van der Pol et al., 2012), in which multiple ob-
jects are counted together as a single event, we used a low flow rate 
and low concentrations of the vesicles. We could recognize the 
presence or absence of this swarm effect by a simple control, in-
cluded in each experiment, in which we mixed dextran-loaded 
(“full”) OMVs with Bax-permeabilized (“empty”) OMVs. (In this case, 
Bcl-xL was added to the empty OMVs to prevent permeabilization 
of the full OMVs.) Under conditions producing the swarm artifact, a 

FIGURE 1:  Cryo-EM imaging of OMVs permeabilized with Bax showing a solitary, large pore in 
many OMVs. (A) Untreated OMVs show round or ellipsoidal shapes with smooth membranes. 
(B) OMVs treated with Bax and cBid show only one pore per vesicle (arrows). Regions with 
negative curvature (asterisks) were often observed near the edges of the pores. The black spots 
are debris.
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OMVs with a relatively high concentration 
of Bax for 2 h), and one with a variable 
MFI, corresponding to the peak of partially 
permeabilized OMVs. This is illustrated in 
Figure 5A.

Using the MFI and amplitude derived 
from these curve fits, we then calculated the 
contributions from the all-or-none versus the 
gradual release modes (see Materials and 
Methods; Figure 5B). We found that the con-
tribution from the all-or-none mode of re-
lease was at most ∼20%. This confirmed our 
conclusion that most of the F-dex molecules 
were released through the gradual mode. To 
measure the rates of gradual-mode dextran 
release, we fitted a simple exponential de-
cay curve to the MFI values obtained at each 
time point (Figure 5C); as the number of in-
tact OMVs was fairly constant, the rate of 
MFI change is essentially equal to the rate of 
gradual release (see Materials and Methods). 
In agreement with our previous experiments 
done on bulk populations of OMVs 
(Kushnareva et al., 2012), we found that the 
rates of F-dex release showed an approxi-
mately linear dependence on Bax concen-
tration (Figure 5D).

Surprisingly, however, the rates of dex-
tran release were independent of dextran 
size (Figure 5D). It was paradoxical that both 
small and fairly large dextran molecules 
were released at nearly the same rates but, 
in all cases, mostly through the gradual 
mode, that is, through pores that limited 
dextran efflux. To resolve this conundrum, 
we were forced to conclude that Bax-in-
duced pores grow gradually over time, 
reaching very large diameters. We reasoned 
that dextran molecules behave as slightly 
flexible random coils, and, although they 

are not rigid spheres, they diffuse very slowly through pores that are 
close in width to their Stokes diameter. As pores enlarge to widths 
greater than the Stokes diameter of the entrapped dextrans, the 
diffusion rate increases (Bohrer et al., 1984). (An illustration of this 
hindered diffusion is provided by gel-filtration chromatography, in 
which macromolecules are retarded by passage through channels in 
the resin matrix.) Thus, at the moment the diameter of a Bax-in-
duced pore widens sufficiently, the dextrans begin to escape gradu-
ally through the pore. Even though this pore-restricted efflux mode 
was slower than free diffusion, it was apparently rapid enough to 
allow ∼80% of the dextran molecules to be released before the Bax-
induced pore became substantially wider. Conceptually, once a 
membrane pore becomes much wider than the Stokes diameter of 
the entrapped dextrans, efflux of the remaining dextran molecules 
would become limited only by rates of free diffusion. In this situa-
tion, release would be essentially instantaneous on our experimen-
tal timescale. This is precisely the all-or-none mode of release. As 
our analysis shows, this type of sudden Bax-induced release could at 
most be accountable for 20% of the total. These results from flow 
cytometry, combined with our cryo-EM analysis above and DLS 
analysis (Supplemental Figure 2), allow us to conclude that Bax-in-
duced MOMP does not produce a wholesale disruption of the 

(Granath, 1958). Using gel-filtration chromatography, we verified 
the molecular weights and Stokes diameters of the commercial dex-
tran preparations (Supplemental Figure 5, A and B).

Bax forms large, growing pores in MOMs
After loading OMVs with F-dex, we incubated them with recombi-
nant Bax, which was activated by the coaddition of recombinant 
cBid; we then obtained histograms of the F-dex content of OMVs at 
various times of incubation. We found that the entire OMV popula-
tion underwent a gradual, progressive reduction in MFI, with only a 
minimal decrease in amplitude. We never observed a discrete peak 
corresponding to the MFI of empty OMVs, although at later time 
points we did see leftward tails on the main OMV peaks (Figures 4 
and 5A). This suggested that activated Bax caused macromolecular 
release predominantly through the gradual mode. To confirm this 
more quantitatively, we analyzed the fluorescence histogram at each 
time point by curve fitting. Based on an inspection of the histo-
grams, it was reasonable to assume that the OMV population was 
composed of some empty and some partly full OMVs. Accordingly, 
we fit the experimental histograms at each time point to the sum of 
two log-Gaussian distributions: one at a fixed MFI, corresponding to 
fully permeabilized OMVs (whose MFI we determined by incubating 

FIGURE 2:  Bax-induced membrane pores increased in frequency and size with increased Bax 
concentration and incubation time. Untreated (663) and treated (633) vesicles were visualized by 
cryo-EM, counted, and categorized as pore-containing or smooth. (A) The frequency of pores in 
untreated OMVs was negligible, whereas this frequency ranged from 7.7% to 52.5% in 
Bax-treated OMVs. The difference was statistically highly significant (Mann-Whitney test: 
p = 0.0012), and thus pores were a feature only seen with Bax/Bid treatment. The frequency of 
OMVs containing pores was also higher with higher cBid/Bax input. (B) The pore size increased 
significantly with higher Bax concentration (p = 0.003) and with longer incubation time 
(p = 0.0005). “Low Bax” denotes the treatment with 812 nM Bax and 420 nM cBid; “High Bax” 
denotes treatment with 3.25 μM Bax and 2.5 μM cBid. Two-way analysis of variance showed 
there was no statistically significant synergy between time and Bax concentration.
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Bax-induced outer membrane permeabilization, we imaged OMVs 
as they were undergoing permeabilization. We used cryo-EM, 
because this method can capture delicate ultrastructural changes in 
the hydrated state. In our experience, other traditional EM methods 
are unable to preserve Bax-induced membrane alterations (Kuwana 
et al., 2002), likely because of artifacts introduced during sample 
preparation. For example, in negative-stain EM, a vesicle suspen-
sion is deposited onto the grid, and excess solution is aspirated. In 
the process, the vesicles become folded and flattened onto the grid 
surface and may dry out. Uranyl acetate stain is then added to the 
flattened structures. Clearly, vesicle morphology becomes distorted. 
In traditional thin-section EM, extensive dehydration, embedding, 
and staining steps contribute to the distortion or loss of delicate 
structural features. Thus it is not surprising that we and other inves-
tigators using these traditional EM techniques have failed to 
observe Bax-induced pores in whole isolated mitochondria and in 
mitochondria within apoptotic cells.

membrane but rather causes formation of pores that eventually 
grow to a diameter larger than the entrapped dextrans.

In summary, this flow-cytometry approach showed that Bax-in-
duced pores grew slowly enough that most dextran molecules were 
released by a pore size–limited mechanism but rapidly enough that 
the release rates of different-sized dextrans were the same, at least 
up to 500 kDa (∼30 nm in diameter). Cryo-EM produced compara-
ble results, as it showed that Bax-induced pores grew to diameters 
of ∼60–90 nm after 20–30 min.

DISCUSSION
Bax pores directly visualized in the native MOM are 
consistent with properties expected for MOMP in apoptosis
Activated Bax (or Bak) permeabilizes the MOM to release macro-
molecules from the mitochondrial intermembrane space during 
apoptosis. However, the precise nature of Bax-induced membrane 
alterations was unknown. To help clarify the mechanisms of 

FIGURE 3:  A flow-cytometry approach can analyze the fluorescence of individual OMVs and reveal trends in the overall 
population caused by Bax-induced MOMP. (A) Principle of the method. Over time, a leftward shift in the peak center 
(toward lower fluorescence intensity) would indicate gradual dextran release from the population of vesicles (top 
diagram). In contrast, a decline in the area under the peak (bottom diagram) would indicate that some of the vesicles 
had lost their entire content of fluorescent dextrans. At the same time, a low MFI peak corresponding to “empty” 
OMVs would emerge. (B) Experimental simulation of gradual release using OMVs loaded with varied amounts of F-dex. 
Reducing the dextran concentrations used for loading resulted in shifts of the OMV peak toward lower fluorescence 
intensity, as expected. (C) Experimental simulation of all-or-none release by dilution of the OMV suspension. This 
produced the predicted decline in amplitude of the full OMV peak and emergence of the empty OMV peak.
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ice, which required the use of high-voltage instruments and re-
sulted in images with very low contrast. Moreover, cryo-EM al-
ways shows structures in projection, and we therefore could only 
observe pores when their axes were perpendicular to the direc-
tion of the electron beam. As each OMV contained at most one 
pore, it is expected that many OMVs would appear to lack 
pores.

Unlike these traditional methods, cryo-EM clearly revealed 
that activated Bax formed pores in the MOMs that were typically 
larger than 60 nm (Figure 1B). The observed frequency of OMVs 
with visible pores (30% at the higher Bax concentration) may 
seem low, considering the near-complete dextran release we 
observed by biochemical assays. However, because OMVs are 
relatively large structures, it was necessary to use thick slabs of 

FIGURE 4:  Bax-permeabilized OMVs shifted gradually toward lower MFI. OMVs loaded with 10-, 70-, or 500-kDa F-dex 
were treated with 0, 5, 10, or 20 nM Bax and 45 nM cBid and analyzed by flow cytometry every 5 min for 45 min. For 
clarity, histograms at every 10 min are shown. Data are representative of three independent experiments. Note that 
there were no discrete peaks at the MFI of the empty OMV peak (in solid gray) as shown in the control experiment for 
each dextran size (bottom panels). Rather, empty OMVs comprised only a tail to the left of the main peak; the main 
OMV peak gradually shifted toward lower MFI.
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sphingolipid metabolic enzymes (Chipuk 
et al., 2012). Protein-free liposomes, which 
lack these factors, might not adequately 
reflect the physiological mechanism of 
pore formation.

However, we found here that pores in-
duced by Bax in the native MOM closely 
resembled the structures we and others pre-
viously observed in liposomes incubated 
with activated Bax (Schafer et  al., 2009; 
Bleicken et al., 2010; Landeta et al., 2011). 
Therefore we propose that the basic pore-
inducing function of Bax is the same for 
MOMs and liposomes. If so, then auxiliary 
proteins, such as the yet-unidentified cata-
lyst (Kushnareva et al., 2012), could act to 
enhance the intrinsic pore-forming activity 
of Bax and/or to promote the lateral mobil-
ity of Bax in the MOM.

In both liposomes (Schafer et al., 2009) 
and OMVs (this study), we saw that the 
pore edges often exhibited negative curva-
ture. Thus it is very likely that membrane 
curvature plays an important role in the for-
mation of these apparently lipidic pore 
structures. Hints of this come also from ear-
lier studies showing that incorporating 
membrane-curving lipids in liposome bilay-
ers affects the ability of Bax to permeabi-
lize the membranes (Basanez et al., 2002; 
Montessuit et al., 2010). Confusingly, how-
ever, these studies disagree as to whether 
lipids producing negative curvature pro-
mote or inhibit permeabilization. While it is 
still unclear exactly how curvature stress is 
involved, our work shows that Bax pro-
motes negative curvature flanking the 
pores. This is consistent with an earlier re-
port that very small liposomes are less re-
sponsive to Bax (Lucken-Ardjomande et al., 
2008), arguing that positive membrane cur-
vature can inhibit Bax-induced membrane 
permeabilization.

Solitary pores imply a large-scale organization of Bax 
in the membrane
Although it is well known that Bax spontaneously forms homo-oli-
gomers in the MOM and in liposomes following activation, it still has 
not been formally proven that these oligomers are required for Bax-
induced membrane pore formation. Indeed, recent studies using 
small nanodisk structures (Xu et al., 2013) showed that a Bax mono-
mer, when activated by a BH3-domain peptide, can integrate into 
the nanodisk lipid bilayer to form a 3.5-nm lipidic pore. This result is 
concordant with our recent studies showing that Bax monomers de-
termine the kinetics of pore formation (Kushnareva et al., 2012). A 
recent study measuring the membrane insertion of replacement 
cysteine residues in Bax concluded that helices α5 and α6 insert 
only shallowly in the lipid bilayer, suggesting a mechanism through 
which the insertion of Bax molecules could generate membrane-
curvature stress (Westphal et al., 2014).

It is still unclear how the smaller membrane deformations caused 
by Bax monomers lead to the solitary supramolecular-scale pores 

An earlier study of liposomes permeabilized by Bax observed 
the transbilayer movement of a fluorescent dye, arguing that Bax 
forms pores that are not entirely proteinaceous (Terrones et  al., 
2004). This behavior is reminiscent of the toroidal (lipidic) model 
postulated for pores formed by colicin or diphtheria toxin (Tilley 
and Saibil, 2006), molecules that have the same structural fold as 
Bcl-2 family proteins (Muchmore et  al., 1996). Although these 
studies with liposomes revealed an ability of activated Bax to form 
membrane pores, they left open the question of whether Bax per-
meabilizes native MOMs using the same lipidic mechanism. In-
deed, our recent work highlighted two differences between lipo-
somes and native MOMs: permeabilization of native MOMs is, 
first, kinetically more complex and efficient than that in liposomes; 
and second, involves a preliminary Bax-induced “catalyst activa-
tion” step, involving at least one resident MOM protein (Kushnareva 
et al., 2012). Moreover, other studies have proposed that various 
proteins participate in MOMP, including Drp1 (Montessuit et al., 
2010), Bif-1 (Takahashi et al., 2005; Etxebarria et al., 2009), and 

FIGURE 5:  MOMP-associated F-dex release occurs predominantly by the gradual mode but is 
independent of dextran size. (A) An example of curve-fitting analysis from a 30-min time point. 
In this approach, we quantified the two forms of release as diagrammed in Figure 3. The MFI 
(peak center) of empty OMVs was estimated by treating OMVs with a relatively high 
concentration of Bax (20 nM) for 2 h. We then fitted the sum of two log-Gaussian peaks to the 
histograms at each time point, constraining one Gaussian curve to the MFI of the empty OMV 
peak and allowing a variable MFI for the second Gaussian curve representing the partially full 
OMV peak. Shown are the experimental histogram, the dual-Gaussian fitted curve, and the two 
component Gaussian distributions. Note that the empty OMVs comprise only a small tail on the 
left of the main peak and thus correspond to a much smaller Gaussian distribution. (B) Gradual 
release is predominant, regardless of dextran size and Bax concentration. Shown are the total 
contributions of gradual release for each dextran size at various Bax concentrations, calculated 
from the curve-fitting analyses described in Materials and Methods. Gradual release comprised 
∼80% of total release, independent of Bax concentrations or dextran size. (C) Example of a set 
of normalized MFI time courses fitted with simple exponential-decay curves. (D) Summary of the 
rates of change of MFI. These rates (which are essentially proportional to the rate of dextran 
release via the gradual mode) increased with Bax concentration and were similar for all F-dex 
sizes. Values show averages and SDs from three to four independent experiments.
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grew markedly, over the course of a few minutes or tens of minutes, 
with the rate of growth depending on Bax concentration. Thus our 
flow analysis confirmed that some Bax-induced pores grew to more 
than 30 nm in diameter within 45 min of incubation, essentially 
agreeing with our cryo-EM data.

The size-indiscriminate macromolecular efflux we observed here 
explains previous observations that proteins of different sizes are re-
leased from a single cell’s mitochondrial population over the same 
short time period (Munoz-Pinedo et al., 2006). As a corollary to this, 
we conclude that, in those cellular settings in which a differential re-
lease of certain mitochondrial proteins is observed (Munoz-Pinedo 
et al., 2006; Estaquier and Arnoult, 2007), the explanation cannot in-
volve the nature of Bax pores in the MOM. Rather, the difference likely 
arises because some proteins are soluble, while others must become 
detached from membranes to be released. In conclusion, our inde-
pendent visual and functional approaches both show that activated 
Bax permeabilizes the mitochondrial membrane by promoting the 
formation of membrane pores that grow to be very large. The size 
and structure of these pores suggest that they are lipidic in nature and 
formed or enlarged by a mechanism involving curvature stress.

MATERIALS AND METHODS
OMVs from Xenopus egg mitochondria, recombinant 
full-length Bax, and cBid
These materials were generated with our published protocols 
(Kuwana et al., 2002). We used the membrane-binding fluorescent 
dye, DiI (3H-indolium, 5-[[[4-(chloromethyl)benzoyl]amino]methyl]-2-
[3-(1,3-dihydro-3,3-dimethyl-1-octadecyl-2H-indol-2-ylidene)-1-
propenyl]-3,3-dimethyl-1-octadecyl, chloride; V-22888; Life Technol-
ogies, Carlsbad, CA) to label OMV membranes to assist with detection 
of these small particles by flow cytometry. Briefly, 300 μl of 0.1 mg/ml 
OMVs (as protein) was incubated with 2 nM DiI in 10 mM HEPES 
(pH 7.4) containing 1 mM EDTA for 45 min at room temperature. 
DiI-labeled OMVs were collected by centrifugation at 125,000 × g for 
20 min at 4°C. The pellet was washed in the same buffer and col-
lected again by centrifugation as above. Formerly, cBid was referred 
to as “N/C-Bid,” meaning that, although the molecule is cleaved by 
an endoprotease, the N- and C-terminal portions remain associated.

Flow cytometry
Flow cytometry was performed on a BD Biosciences FACS Fortessa 
equipped with a high-throughput sampler for sample introduction 
from 96-well plates. Analysis was performed at a fixed volume of 30 
μl of sample and a flow rate of 0.5 μl/s, resulting in a fixed sample-
collection time of 1 min per well. All buffers utilized for the Fortessa 
were passed through a 100-nm filter before use. However, to further 
enhance collection of the OMV signal and minimize debris signals, 
we utilized a minimal threshold on red fluorescence to capture sig-
nal from DiI-labeled OMVs. An assay mixture containing 0.05 μg/ml 
OMVs (as protein) in 10 mM HEPES (pH 7.4), 50 mM NaCl, and 
glutathione S-transferase 75 μg/ml (carrier protein to prevent ad-
sorption) was prepared for each size of F-dex at each Bax concentra-
tion, and samples were transferred to a 96-well plate. Each row on 
the 96-well plate corresponded to OMVs loaded with a different-
sized F-dex and permeabilized with a specified Bax concentration, 
and each column corresponded to a 5-min time point. Time points 
for the assay were collected in this manner to reduce excessive sam-
ple agitation, which caused the OMV population to decrease, pos-
sibly reflecting adsorption to the wells or mechanical disruption. 
The use of a 96-well plate with premixed samples transferred into 
individual wells for each time point eliminated these issues. To 
aliquot and initialize sample analysis required 2–3 min of time, which 

observed here in OMVs. A commonly held hypothesis is that the 
pores are ringed by Bax oligomers that lengthen over time through 
autoactivation, thereby causing pore enlargement. Another possi-
bility is that, during the initial stages of pore formation, the small Bax 
monomer–induced lipidic pores coalesce to form larger lipidic 
pores. To be able to observe these earlier states of pore enlarge-
ment would require a technological advancement, perhaps the 
cryo-EM imaging of gold-labeled Bax, or the analysis by cryo-EM 
averaging techniques of nanodisks that are able to accommodate 
more than one Bax molecule.

Nevertheless, it is significant that we observed only a single huge 
pore in each OMV and that increasing the Bax concentration pro-
duced a widening of this solitary pore. From this, we can deduce that 
the process through which Bax molecules contribute to pore enlarge-
ment is somehow organized around an existing membrane deforma-
tion. Otherwise, we would have observed multiple smaller pores. On 
the basis of our cryo-EM images, we propose that pore enlargement 
involves a feed-forward loop, that is, a concerted process. Integrated 
Bax monomers would promote membrane curvature, which in turn 
would favor the lateral migration of other Bax monomers to these 
areas of membrane curvature (Bax oligomerization could participate 
at this step), thus increasing the size of the membrane deformation. 
In time, curvature stress would build up until it finally overcomes the 
energy barrier for pore formation. Thereafter, the membrane curva-
ture at the edges of the pore would continue to attract more Bax 
molecules, resulting in continuous pore enlargement.

Flow cytometry demonstrates growing pores induced 
by Bax in the MOM, consistent with cryo-EM data
Most previous assays of macromolecular release using single cells or 
bulk populations of mitochondria or OMVs were not intended for 
measuring the permeabilization of individual vesicles or organelles. 
For that purpose, we developed a flow-cytometry approach. The 
flow data showed that Bax-induced efflux of molecules through the 
MOM occurred predominantly by a pore-restricted mode (“grad-
ual” release; Figure 3A). We interrogated pore sizes by comparing 
the release of different sizes of dextrans and saw no evidence of a 
sieve effect. That is, large dextrans were released at nearly the same 
rate as smaller dextrans; however, in each case, dextrans were re-
leased in a gradual manner, that is, via a pore-restricted mechanism. 
Somewhat conflicting results were recently reported in a study using 
giant unilamellar vesicles and fluorescence microscopy (Bleicken 
et al., 2013). These authors observed the gradual release of a large 
polypeptide (104 kDa) but all-or-none release of cytochrome c (12 
kDa). Also, they found that lower concentrations of Bax produced a 
greater contribution of gradual-mode release. These results may dif-
fer from ours due to their use of an artificial membrane system.

Previously, experiments utilizing patch-clamp analysis estimated 
that Bax-induced channels in the MOM grow only to 6 nm in diam-
eter, at which point they stabilize (Guihard et al., 2004; Dejean et al., 
2005; Martinez-Caballero et al., 2009). The aforementioned study 
with giant unilamellar vesicles found that Bax-induced pores grow 
wider than this but still eventually reach a stable size or shrink 
(Bleicken et al., 2013). Our data are inconsistent with these observa-
tions, as we saw no evidence that Bax-induced pores stabilized at 
any particular size. Remarkably, some of the pores grew to comprise 
a significant percentage of the diameter of the OMV itself 
(e.g., Figure 2B). Thus, in contrast to the conclusions of Bleicken and 
colleagues, our results argue that the curvature stress (which pro-
motes pore enlargement) is generally always greater than the line 
tension at the OMV pore rim (which opposes pore enlargement). 
Our flow-cytometry data similarly imply that Bax-induced pores 
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where G(t) is the rate of release via the gradual mode and A(t) is the 
rate of release via the all-or-none mode. At time t, the cumulative 
contribution from the gradual release mode is then G t dt( )

t

0∫ , and 
the cumulative contribution from the all-or-none release mode is 

A t dt( )
t

0∫ .
For analysis of the discrete data sets generated by flow analysis, 

derivatives in these formulas were estimated as the slopes of line 
segments connecting data points, and the integrals were estimated 
by summing rectangles under the curves.

DLS
DLS was performed using a Zetasizer Nano-ZS (Malvern Instru-
ments). The instrument was set to acquire three measurements, 
each consisting of 11–18 scans of the sample at 25°C. Results were 
copied from Zetasizer 6.20 software into Prism 6 software for analy-
sis. The average of the three measurements is displayed for each 
sample. For determination of OMV size, 1 μl of OMVs at a protein 
concentration of ∼0.5 mg/ml was added to 800 μl of 10 mM HEPES, 
1 mM EDTA. For determination of 2000-kDa F-dex size, 10 μl of 
5 mg/ml dextran was added to 800 μl of 10 nM NaCl. All buffers and 
solutions used for diluting samples for analysis by DLS were passed 
through a 100-nm filter before use.

Size-exclusion chromatography
Each FITC-dextran species was applied to a Superose 6 column (GE) 
and eluted with 10 mM HEPES (pH 7.4), 100 mM NaCl. Fractions 
were collected (0.9 ml), and elution of F-dex species in the fractions 
was detected by absorbance at 280 nm, which was confirmed by 
fluorescence spectroscopy (unpublished observations).

Cryo-EM
OMVs were isolated without dextran loading. The concentration of 
OMVs was adjusted to 0.5–0.8 mg/ml as protein, and they were in-
cubated with Bax (812 nM or 3.25 μM) and cBid (420 nM or 2.5 μM) 
at 22°C for 20–90 min before freezing. Because the cryo-EM method 
requires a relatively high concentration of vesicles, we needed to 
use higher concentrations of Bax and cBid than those used for func-
tional studies. Cryo-EM was performed as previously described 
(Baker et al., 1999). Briefly, the vesicle suspensions were deposited 
to holey Quantifoil grids, blotted of excess fluid with Whatman filter 
paper for a few seconds, and immediately plunge-frozen in liquid 
ethane. The grids were inspected with a Tecnai G2 electron micro-
scope (FEI) at 200 kV with ∼10 μm underfocus at nominal magnifica-
tions of 5000× (low magnification) or 14,000–25,000× (high magnifi-
cation). The vesicles were visualized with a CCD camera (Gatan). The 
OMVs were counted and categorized according to whether there 
was 1) no discontinuity in the membrane or 2) a gap/opening in the 
membrane. We also observed other kinds of membrane deforma-
tions, but they were present in both untreated and treated vesicles 
with the same frequency and were therefore considered artifacts, 
presumably arising from liquid flow during the freezing process. The 
pore size was estimated simply by a ruler-based measurement of the 
membrane gaps seen in micrographs. The actual distance (in nano-
meters) was calculated in reference to the scale bar in each image.

was accounted for when calculating the contributions from gradual 
and all-or-none release.

Our previous studies of dextran release in bulk populations of 
OMVs used an anti-fluorescein antibody to quench the fluorescence 
of released dextrans (Kushnareva et al., 2012). However, this anti-
body could not be used here, because it can be assumed that the 
antibody, around the size of 70-kDa dextran (Supplemental Figure 
5A), can enter into OMVs through the large Bax-induced pores, thus 
quenching large dextrans still entrapped there. We reasoned that a 
quenching antibody was unnecessary for our studies using flow cy-
tometry because we could resolve the signals of fluorescent OMVs 
and free F-dex.

Numerical analyses
Histogram plots corresponding to F-dex fluorescence intensity ver-
sus event counts were generated with FlowJo 9.7.6 software for 
each assay condition at each time point. For each time point, the 
area (amplitude) and center (MFI) of the main OMV histogram peak 
was determined with Prism 6 software using a nonlinear curve fit to 
the sum of two log-Gaussian (log-normal) distributions. We fixed the 
first Gaussian peak (empty OMVs) to the MFI value of fully permea-
bilized OMVs, determined by incubating for 2 h a sample of each 
preparation of dextran-loaded OMVs with cBid and 20 nM Bax. The 
other Gaussian (partially full OMVs) was left unconstrained. Curve 
fitting was used to estimate the amplitude and width of the empty 
peak, as well as the amplitude, width, and center (MFI) of the par-
tially full peak (see the text; Figure 5A).

Baseline values for the MFI of fully permeabilized vesicles were 
obtained for each preparation of F-dex–loaded OMVs from OMVs 
treated for 2 h with a high concentration (20 nM) of Bax to ensure 
near-complete dextran release. MFI values were normalized inde-
pendently in each experiment for each preparation of F-dex–
loaded OMVs, with 0% corresponding to the baseline sample and 
100% corresponding to the fully loaded sample. Amplitudes were 
normalized to the fully loaded sample for each preparation of 
F-dex–loaded OMVs.

Consistent with previous studies, we typically observed a lag 
phase before the start of the permeabilization phase (Kushnareva 
et al., 2012). However, because of the 2–3 min needed for sample 
handling, we were unable to measure the length of this early phase 
accurately. We fitted a simple exponential decay model in Prism to 
determine the kinetic rate constant (k) of the normalized MFI for the 
subsequent permeabilization phase. Rates were determined only 
for gradual release, as this mode of release was predominant over 
all-or-none release. As the number of intact OMVs was nearly con-
stant, it follows that the rate of change of MFI is essentially propor-
tional to the rate of F-dex release via the gradual mode (see the first 
term on the right side of Eq. 2).

Relative contributions of gradual and all-or-none modes of dex-
tran release were calculated as follows: At time t, the total dextran 
content is the product of the number of vesicles and the fluores-
cence intensity:

C t n t f t( ) ( ) ( )= × � (1)

where C is the total dextran content, n is the number of vesicles (cor-
responding to the peak amplitude), and f is the mean fluorescence 
intensity (peak center).

From the product rule of basic calculus, the rate of change of 
total dextran release can then be separated into two terms:

dC
dt N t df

dt f t dN
dt G t A t( ) ( ) ( ) ( )= × + × = +

�
(2)
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