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Endophilins participate in membrane scission events that
occur during endocytosis and intracellular organelle biogenesis
through the combined activity of an N-terminal BAR domain
that interacts with membranes and a C-terminal SH3 domain
that mediates protein binding. Endophilin B1 (Endo B1) was
identified to bind Bax, a Bcl-2 family member that promotes
apoptosis, through yeast two-hybrid protein screens. Although
Endo B1 does not bind Bax in healthy cells, during apoptosis,
Endo Bl interacts transiently with Bax and promotes cyto-
chrome c release from mitochondria. To explore the molecular
mechanism of action of Endo B1, we have analyzed its interac-
tion with Bax in cell-free systems. Purified recombinant Endo
B1 in solution displays a Stokes radius indicating a tetrameric
quarternary structure. However, when incubated with purified
Bax, it assembles into oligomers more than 4-fold greater in
molecular weight. Although Endo B1 oligomerization is
induced by Bax, Bax does not stably associate with the high
molecular weight Endo B1 complex. Endo B1 oligomerization
requires its C-terminal Src homology 3 domain and is not
induced by Bcl-xL. Endo B1 combined with Bax reduces the size
and changes the morphology of giant unilamellar vesicles by
inducing massive vesiculation of liposomes. This activity of
purified Bax protein to induce cell-free assembly of Endo Bl
may reflect its activity in cells that regulates apoptosis and/or
mitochondrial fusion.

Endo B1? (1), also called Bif-1 (2) and SH3GLB1 (3), is
involved in apoptosis (4), mitochondrial morphogenesis (5),
and autophagosome formation (6). Discovered based on yeast
two-hybrid screens for proteins that bind the proapoptotic
Bcl-2 family member, Bax, Endo Bl has been found to also
interact transiently with Bax in mammalian cells upon apop-
tosis induction (4). RNA interference and genetic knock-out
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studies show that cells deficient in Endo B1 have a decreased
sensitivity to apoptosis induction, although how Endo B1 par-
ticipates in apoptosis and the significance of its interaction with
Bax remains unknown. Whether Bax binding is involved in
Endo B1 induction of autophagosomes or in maintenance of
outer mitochondrial membrane morphology in healthy cells
also remains unclear, although Bcl-2 family members appear to
be involved in both processes (7-9).

Endo B1 contains an N-BAR domain toward its N termi-
nus, a domain found in other endophilin family proteins
such as endophilin A1 and amphiphysin, to form crescent-
shaped dimers and to mediate membrane tubulation (10, 11).
Consistent with other BAR domain-containing proteins, Endo
B1 induces liposome tubulation in vitro (1). It contains an SH3
domain toward its C terminus that would be predicted to inter-
act with proline-rich domains or PXXP motifs on other pro-
teins. The endophilin A1 SH3 domain, for example, binds to a
proline-rich region of dynamin and synaptojanin and mediates
colocalization of Endophilin Al with dynamin around lipid
tubules (1).

We have examined the effect of Endo B1 on GUVs. In con-
trast to results previously obtained with small liposomes (1),
purified recombinant Endo B1 alone has no detectable effect on
GUVs. However, the addition of Bax induces Endo B1 to assem-
ble into larger molecular weight homo-oligomers and to bud
GUVs into smaller vesicles. Importantly, Bcl-xL, a close struc-
tural homologue of Bax that lacks proapoptotic activity (12),
fails to activate Endo B1 oligomerization. These results demon-
strate that Bax triggers formation of Endo B1 oligomers and
activates Endo B1 to change lipid membrane curvature. This
work also reveals a previously unknown cell-free activity of
purified monomeric Bax and suggests how Bax may be acti-
vated to promote outer mitochondrial membrane permeabili-
zation (13) and/or how Bcl-2 family members may intersect
mitochondrial membrane fusion machineries in healthy cells
(14).

EXPERIMENTAL PROCEDURES

Protein Expression and Purification—The ¢DNA of the
human Endo B1 composed of 386 residues was cloned into a
pET-21 vector (Novagen), and the cDNA of the C-terminally
truncated human Endo B1 (Endo B1AC) comprising 290 resi-
dues was cloned into a pET-41a vector (Novagen). A His, tag
was at the C terminus of both constructs. Escherichia coli BL21
(DE3) pLys was used to express the proteins. Recombinant bac-
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teria were grown in LB in the presence of ampicillin (Endo B1)
or kanamycin (Endo B1AC). Protein expression was induced by
the addition of 1 mm isopropyl 1-thio-B-p-galactopyranoside
(Sigma), and after 3 h of incubation, cells were harvested. The
cell pellet was washed in 25 mm Tris-HCI buffer, pH 8.0, and
100 mm NacCl followed by centrifugation at 10,000 X g for 20
min and resuspended in 50 ml of homogenization buffer (25
mM Tris-HCl pH 8.0, 100 mm NaCl, EDTA-free protease inhib-
itor mixture (Roche Applied Science), 10% glycerol, and 1 mm
2-mercaptoethanol. The lysate was centrifuged at 20,000 X g
for 45 min at 4 °C, and Endo B1, present in the supernatant, was
purified by His tag affinity chromatography.

Our preliminary purification efforts indicated that the Endo
B1 C-terminal His, tag associated poorly with the Ni(II) of the
column matrix because a significant amount of the protein was
not retained. However, in the presence of 6 M guanidine hydro-
chloride, the binding affinity was restored. Therefore, all of the
steps involving affinity chromatography were performed under
denaturing conditions. Unfolding was initiated by the addition
of 6 M guanidine hydrochloride at 25 °C for 1 h. The Ni**-
nitrilotriacetic acid resin was pre-equilibrated with the binding
buffer, which was same as the homogenization buffer used in
the previous step except for the addition of 6 M guanidine
hydrochloride and 10 mMm imidazole. The unfolded Endo B1
was then incubated with the nickel resin overnight at 4 °C on a
rotary shaker.

Analysis for protein expression of Endo BIAC indicated that
the protein was insoluble in the form of inclusion bodies. The
pellet was successively washed three times with 30 ml of 0.1%
Triton X-100 in a buffer containing 25 mm Tris-HCl buffer (pH
8.0) and 100 mMm NaCl. This was followed by three wash steps in
the absence of Triton X-100 with the identical buffer. The
inclusion bodies were finally solubilized in a buffer containing
25 ml of 6 M guanidine hydrochloride, 25 mm Tris-HCI buffer,
pH 8.0, 100 mm NacCl, 10% glycerol, and 1 mm 2-mercaptoeth-
anol and centrifuged at 20,000 X g for 40 min. The supernatant
was then added in batch mode to 10 ml of Ni** -nitrilotriacetic
acid resin, which was previously equilibrated with the buffer
that had been used for solubilizing the inclusion bodies. For
optimal binding, it was left overnight at 4 °C on a rotary shaker.

After elution, the two proteins were refolded by flash-di-
lution with constant stirring into 100 ml of a cold refolding
buffer (25 mm Tris-HCI, pH 8.0, 100 mm NaCl, 0.5 M argi-
nine-HCIl, 10% glycerol, and 1 mM 2-mercaptoethanol) and
dialyzed overnight against the refolding buffer followed by
ultracentrifugation at 100,000 X g at 4 °C for 40 min. A sec-
ond step of Ni(II) metal ion affinity chromatography in the
absence of guanidine was performed. The proteins were further
purified by gel filtration with a Superdex-200 column on AKTA
Prime Plus FPLC (Amersham Biosciences) using as running
buffer (25 mm Tris-HCI, pH 8.0, 100 mm NaCl, 10% glycerol,
and 1 mm dithiothreitol).

The purity of the recombinant proteins was assessed by
Western blot, Coomassie-stained native, and SDS-polyacryl-
amide gels. Furthermore, the Endo B1 protein was analyzed by
CD spectroscopy (data not shown) in order to validate the effi-
cacy of the protein refolding method adopted in the purifica-
tion protocol.
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E. coli BL21 DE3 pLys (Invitrogen) was used to express
human Bcl-xL. Recombinant bacteria (transformed with the
expression plasmid pET16b containing the cDNA for Bcl-xL)
were grown in 1 liter of Super Broth (3.2% Tryptone, 2.0% yeast
extract, 0.5% NaCl, pH 7.5, (KD Medical)) containing 50 ug/ml
ampicillin (Sigma) in 2-liter flasks at 37 °C. Protein expression
was induced by the addition of 1 mm isopropyl 1-thio-S-p-
galactopyranoside (Sigma) when the A, reached 0.8 —1. After
an overnight incubation, cells were harvested by centrifugation
at 5,000 X g, and, after resuspension in His tag binding buffer (5
mM imidazole, 20 mm Tris-HCI, pH 7.9, 0.5 m NaCl), pellets
were lysed by homogenization. The supernatant containing the
soluble Bcl-xL protein was centrifuged at 20,000 X g for 30 min
in order to remove any traces of cell debris, and it was filtered
through a 0.45-um membrane prior to performing His tag
affinity chromatography. The column was loaded with the pre-
pared extract and washed with 5 volumes of binding buffer and
6 volumes of washing buffer (60 mm imidazole, 20 mm Tris-
HCI, pH 7.9, 0.5 M NaCl). The bound protein was eluted with 4
volumes of elute buffer (1 M imidazole, 20 mm Tris-HCI, pH 7.9,
0.5 M NaCl). The eluted protein was dialyzed in 20 mm Tris-
HCI, pH 8, overnight at 4°C and further purified by ion
exchange chromatography on a MonoQ column (Amersham
Biosciences) connected to an AKTA FPLC (Amersham Bio-
sciences). Final yield of Bcl-xL was 1 mg/liter of culture. Purifi-
cation of recombinant human Bax was performed as described
previously (15).

Gel Filtration—The apparent molecular mass of the different
proteins and complex was determined by gel filtration on
Superdex 200 10/300 GL equilibrated with 50 mm Tris-HCI, pH
7.4, and 0.1 M NaCl and calibrated with thyroglobulin (669
kDa), apoferritin (443 kDa), alcohol dehydrogenase (150 kDa),
albumin (66 kDa), carbonic anhydrase (29 kDa), and cyto-
chrome ¢ (12.4 kDa). The proteins were loaded onto the column
and eluted at a flow rate of 0.3 ml/min. The elution volume (V)
of each fraction was determined from the absorbance at 280
nm. The void volume (V) was determined with blue dextran.
The molecular mass was calculated by plotting log molecular
mass versus the V,/V, ratio. The fractions were analyzed by
Western blot using Endo B1 and Bax antibodies from Imgenex
and Upstate, respectively.

Protein Labeling—The Endo B1 proteins were labeled with
Alexa Fluor-488 carboxylic acid 2,3,5,6-tetrafluorophenyl ester
(Invitrogen) in a ratio of protein to dye of 3:1 at 25 °C as per the
protocol provided by the manufacturer. The labeled protein
was dialyzed against 50 mMm borate buffer, pH 8.5, overnight
followed by dialysis against 25 mm Tris-HCI, pH 8.0.

For FCS measurements, Alexa-488-labeled Endo B1, which
was prepared in Millipore water or in 25 mm Tris-HCI, pH 8,
was diluted to a 200 nm concentration and then centrifuged
(Beckman Optima Ultracentrifuge, rotor TLA 55) at 100,000 X
g for 20 min at 22 °C. Only the top 80% of supernatant of the
sample was used. The 1:1 (mol/mol) mixtures of the superna-
tant Endo B1 and Bax or Bcl-xL were preincubated for ~1 h on
ice prior to the FCS measurements.

FCS Experimental Setup—The basic principles of FCS have
been described elsewhere (16, 17). This technique has been suc-
cessfully used to determine changes in the diffusion of various
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proteins following their oligomerization or aggregation (17—
19). The FCS measurements were carried out with a Ha-
mamatsu FCS instrument (model C9413) equipped with a
473-nm LD-pumped solid-state laser, a high sensitivity photo-
multiplier tube with low afterpulsing, a 25-um diameter pin-
hole for confocal detection, a water immersion objective
(Olympus UApo x40 W/340; numerical aperture 1.15), and a
built-in numerical code for correlating the time sequence of the
photocounts. In most measurements, the 1-milliwatt input
laser beam was attenuated to 3 microwatts, and the cut-off
wavelength of the high band emission filter was set to 495 nm.
Fitting of the measured correlation functions and calculation of
photocounting histograms were performed using the built in
software package provided by Hamamatsu.

Theoretical Background of FCS—The basic principles of FCS
have been described elsewhere (16, 19, 20). Briefly, FCS is an
optical technique in which fluctuations in detected fluores-
cence are exploited, typically, to measure the movement of
nanoparticles within a medium such as an aqueous buffer. A
focused laser beam is used to excite the fluorescence of the
nanoparticles, and the signal emitted from a small volume (~1
fl) is measured as a function of time. Due to movement of the
nanoparticles in and out of the volume or changes in the pho-
todynamics of the nanoparticles, the emitted fluorescence sig-
nal fluctuates. The fluctuating signal is time-correlated using
the following function,

(81(1)81(t + 7))
(I(1))*

where 8I(t) = I(t) — (I(¢)) denotes the deviation of the emitted
intensity, I(¢), at time ¢ from the average intensity, (/(£)). Anal-
ysis of this correlation function can reveal the underlying mech-
anisms behind the fluctuations. For example, in the case of
monodisperse nanoparticles diffusing freely in a solution, one
can derive the expression,

F(r) =1+ (Eq. 1)

1 1 1
F(r) =1+ 5 X X

N T T\"?
(‘%) (”%)

where r, and z, characterize the ideal Gaussian profile of the beam,

(Eq.2)

W(r,z) = Ae 2i*e=2@2) (Eq.3)
N denotes the average number of nanoparticles in the solution;
p = (ry/z,)* isa constant; and 7, = rg/4D is the diffusion time, D
being the translational diffusion coefficient. Moreover, for
dilute solutions, the Stokes-Einstein relation, D = kzT/31mnd,,,
expresses the diffusion coefficient in terms of the viscosity, n, of
the solvent (n = 0.1 centipoise for water); the hydrodynamic
diameter of the nanoparticles, d,; the temperature, T (295 K,
room temperature), in Kelvin; and the Boltzmann constant,
kz = 1.38 X 10~ 23 J/K. In this latter expression, d,, describes an
overall size of the nanoparticle, and, for spherical nanoparticles,
it is just their diameter.

For two independent diffusing species, the correlation func-
tion correspondingly becomes the following,
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+m, (Eq. 4)

14 ) 1apt]
T p'Tz

where m,; and m, depend on the quantum yield and average
numbers of each of the diffusing species in the sampling vol-
ume, and 7; and T, are the diffusion times of the two species.
Often with a probe that is exogenously labeled with a fluoro-
phore, it is difficult to remove all of the free fluorophores from
the solution after labeling. Even if all of the free fluorophores
are removed by slow dialysis or appropriate rapid column cen-
trifugation, a thermodynamic equilibrium state between free
fluorophores and fluorophore-protein species may emerge
after a while. For fitting the correlation data, we use the expres-
sion in Equation 4, where one diffusing species is the free flu-
orophores (i.e. Alexa-488) and the other is the labeled probe (i.e.
labeled Endo B1).

Preparation of GUVs—GUVs were prepared by the modified
electroswelling method (21). The optical chamber for GUVs
preparation consisted of a 2.5-mm-thick double adhesive rub-
ber spacer with four 9-mm diameter holes (Grace Bio-Labs)
sandwiched between two conductive indium tin oxide-coated
glass coverslips (Bioptechs Inc.). GUVs were prepared from
dioleoylphosphatidylcholine mixed with 0.5% fluorescent rho-
damine-dioleoylphosphatidylethanolamine lipid. Lipids were
from Avanti Polar Lipids. 5 ul of 0.1 mg/ml lipid solution in
chloroform was deposited on four prearranged 9-mm diameter
circles on the conductive face of one indium tin oxide-coated
glass coverslip and dried under vacuum overnight or lyophi-
lized for 2 h to remove any residual organic solvent. A sandwich
of two inward-facing indium tin oxide-covered coverslips and
the rubber spacer was gently pressed and sealed, forming four
identical 150-ul wells with dried lipid on the bottom of each
well. Degassed Millipore water was injected into each well with
a 100-ul syringe. Each conducting coverslip was connected to a
function waveform generator (Agilent 33220A), and a 3-Hz
square wave of 2-V amplitude was applied for ~2 h, which
resulted in the formation of multiple GUVs in all four wells.
Based on previous observations of GUVs made by the electro-
formation method (21), we assumed that the majority of vesi-
cles were unilamellar. After GUVs were formed, the proteins
were injected into one of the experimental wells using a 10-ul
Hamilton syringe. The added volumes of the protein solutions
were kept less than 3 ul so that the final concentration of Tris-
HCI buffer in the well never exceeded 0.5 mM. In order to take
into account the minor effect of Tris-induced osmotic gradi-
ents on GUV shape, control experiments with identical aliquots
of Tris were always run in parallel in one of the four wells. To
determine the size distribution of a population of GUVs, several
liposome images from a well were taken by focusing the micro-
scope at different locations and different planar levels. The set
of GUV pictures taken from the same well was considered as
one experiment.
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FIGURE 1. Oligomerization of Endo B1 in the presence of Bax. Normalized
FCS correlation functions show a time shift of the correlation of Endo B1 plus
Bax solution with respect to that of Endo B1 or Endo B1 plus Bcl-xL, indicating
oligomerization of Endo B1 in the presence of Bax. The solid lines are fits of the
data, where a two-component model is used (Equation 4). Each curve is
labeled with the components in the solutions.
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Confocal images were taken using an IX70 inverted micro-
scope (Olympus), a confocal spinning disk analyzer (Perkin-
Elmer Life Sciences) attached to a cooled 512X512 CCD camera
(model C9100, Hamamatsu), an air-cooled ion-argon laser
(Melles-Griot) with two basic excitation lines (488 and 568 nm),
a piezo-electric driven device (Physik Instrumente) for z-posi-
tioning of the objective, and a two-dimensional XY-Proscan
stage (Prior, Rockland). The system was set on a low vibration
insulation table (Newport). Images were collected with a X60,
numerical aperture 1.2 water Olympus objective. IPLab soft-
ware (BD Biosciences) was used to control various devices and
to acquire and analyze the images.

RESULTS

FCS and Gel Filtration—Endo B1 was expressed in bacteria
and purified to more than 90% homogeneity. Analysis of gel
filtration data shows the molecular mass of Endo B1 (~180,000
Da) to be about 4 times larger than the molecular mass of the
monomer (46,400 Da), indicating that Endo Bl in solution
forms a tetramer (data not shown) in contrast to the dimeric
nature of recombinant purified endophilin A1 and A2 (22). In
cell extracts endogenous Endo Bl migrates on blue native
PAGE at apparent dimeric and tetrameric molecular masses of
~90,000 and ~180,000 Da.®> We also examined the molecular
mass of purified Endo B1 by FCS (Fig. 1). Using a two-compo-
nent expression (see Equation 4), we fit the correlation function
in Fig. 1 where the components are the free Alexa-488 fluoro-
phore and Alexa-488-labeled Endo B1 protein. The fit yields a
diffusion coefficient of Endo B1: D(Endo B1) = 40 *+ 4 um?/s,
which can be compared with that of EGFP (a naturally-fluores-
cent, globular protein with molecular mass of 27 kDa) in water,
D(EGFP) = 78 um?/s (20). Therefore, we estimate the size of

3 C. Wang, unpublished results.
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Endo B1 to be about 9.7 nm by using the known diameter of
EGFP (~5 nm). Further, assuming Endo B1 to be compact and
spherical, we estimate its molecular mass to be ~200,000 Da,
which is consistent with a tetrameric form of the protein,
although this value is slightly larger than that calculated
from the protein sequence (185,700 Da) or gel filtration. This
difference may be attributed to the assumptions of sphericity
and compactness of the Endo Bl tetramers used in the FCS
calculations.

We analyzed the effects of purified recombinant Bax and
Bcl-xL on the diffusion of Endo B1. Comparison of the correla-
tion functions obtained from Endo B1 and a mixture of Endo B1
and Bax shows a time shift when Bax is mixed with the solution
of Endo B, indicating that Bax induces oligomerization of
Endo B1 (Fig. 1). In contrast, there is no significant shift in Endo
B1 diffusion when exposed to Bcl-xL (Fig. 1). To estimate the
size of the oligomers found in the Endo B1 and Bax mixture, we
fit the measured correlation functions with a two-component
model (Fig. 1). However, this fit is relatively poor, as can be seen
in Fig. 1, especially at longer delay times (7 > 1 ms), suggesting
that Bax-induced oligomers of Endo B1 are not monodisperse
in size and probably exhibit a range of different molecular
weight Endo B1 oligomers.

These analyses by FCS do not reveal whether or not Bax, a
protein that binds Endo B1 under certain conditions, is incor-
porated into the larger oligomeric Endo B1 complexes. We
therefore examined Endo B1 migration by gel filtration in the
absence and presence of purified Bax. Consistent with the FCS
experiments, Bax induced a decrease in the tetrameric form of
Endo Bl and alarge increase in higher molecular weight protein
species appearing in the exclusion volume of the column (Fig.
2). Interestingly, there was no apparent decrease in the Bax
peak, suggesting that it is not incorporated into the exclusion
volume protein complex (Fig. 24). To directly examine if Bax
binds the oligomeric form of Endo B1, we performed Western
blots for Endo Bl and Bax across the gel filtration fractions.
Although Endo B1 identified by Western blot shifts location to
higher molecular weight fractions upon incubation with Bax,
Bax does not change elution pattern in the process of Endo B1
oligomerization and is not detectable in the column exclusion
volume fractions with Endo B1 (Fig. 2C). Thus, we see no evi-
dence of Bax-Endo B1 complex formation but rather an appar-
ent chaperone activity of Bax that changes Endo B1 conforma-
tion to induce oligomerization. To test the chaperone model,
we incubated Endo B1 with a substoichiometric amount of Bax
(Fig. 3). Even a 10-fold lower concentration of Bax relative to
Endo Bl resulted in Endo B1 migrating to higher molecular
weight forms after 4 h (Fig. 34), although the process was
slower, with less Endo B1 assembling into oligomers by 1 h,
relative to equimolar levels of Bax and Endo B1 (Fig. 3, A and B).

Although Bcl-xL is a close structural homologue of Bax, it has
the opposite biological activity and inhibits apoptosis (12). We
therefore examined if Bcl-xL affects Endo B1 tetrameric struc-
ture by gel filtration. As seen in FCS experiments (Fig. 1), Bcl-xL
had no detectable effect of Endo B1 quaternary structure mea-
sured by gel filtration after incubation at room temperature and
neutral pH (Fig. 2B).
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To test if the SH3 domain of Endo

A 669 kDA 29 kDA B 669 KDA 29 kDA Blisresponsible for homo-oligomeri-

zation, we produced a variant Endo
% Bl e Bl lacking this C-terminal region
5 5 Bal-xL (Endo BIAC-(310-400)) and exam-
49 . ined if Bax was able to induce Endo

B1AC oligomerization. As seen in gel

¥ * filtration experiments (Fig. 2A4), Endo
* 21 B1AC, like full-length Endo BI,
19 19 4 migrates with a predicted tetrameric
0 o molecular mass of ~150,000 Da rel-
e L L L L LYV NLLLL 3 | | ative to the calculated 33,873 Da
012345678 9101112131415161718192021222324 = 012345678 9101112131415161718192021222324 molecular mass of the monomeric
. EndoB1 EndoB1 protein. However, in contrast to
o full-length Endo BI1, incubation

49 49 with Bax did not induce it to oli-
39 % gomerize or otherwise change its
5% " migration on gel filtration (Fig. 24).
Endophilin A1 and A2 form primar-

s L ily dimers in solution mediated by
9 9 the central coiled coil domain (22).
1 e\ 4 e ] — , The tetramerization, or dimeriza-

012345678 9101112131415161718192021222324 012345678 91011121314151617 18 192021222324

89

o tion of dimers of Endo B1 appears to
= EndigBil1Bax 59 EndoB1+BcltxL be mediated by either the BAR
domain and/or central coiled coil
region, whereas the Bax-induced
higher order assembly requires the
SH3 domain.

GUV Transformation—We ex-
plored if Bax-induced oligomeri-
zation affects the ability of Endo Bl
to alter membrane curvature, a
characteristic of BAR domain-con-
taining proteins (11). Analysis of
shape changes in GUVs is a highly
sensitive method for detecting the
39 C Bax interaction of proteins with lipid
- membranes (23-25). However, the

a-Bax ﬂ shape of spherical GUVs is difficult

to change without interaction with
o illeil other GUVs. Therefore, we used
e S Lol st htucibiToa oDy,  oEndon T GUVs prepared by a modified elec-
6 troswelling method (21), where
EndoB1AC+Bax EndoB1+Bax liposomes form an expanded net-
work of spherical liposomes inter-

o-EndoB1 ”'* el connected with each other by lipid
tethers (21, 26). This method allows
a-Bax -’ one to create homogenous popula-
tions of unilamellar GUVs, view
shape deformations in real time by
confocal microscopy, and analyze
GUYV shape and size in the presence
and absence of different proteins.

These GUVs display a rather uni-
FIGURE 2. Bax induces oligomerization of Endo B1. Gelfiltration profiles of Endo B1 or Endo B1AC before and £ (Fig. 44) with
after incubation for 1 h with Bax (A) or Bcl-xL (B). Gel filtration of Bax and Bcl-xL alone was performed for orm appearance (rig. with an
comparison of their elution times (A and B). Fractions 818 from the Endo BT, Bax, and Endo B1 plus Bax gel ~ average diameter of around 20 um.
filtration columns were analyzed by Western blot using anti-Bax and anti-Endo B1 antibodies (C). The GUYV size distribution is shown

in Fig. 4B.
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(Fig. 4, A (lower right) and C). First,
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there was an apparent reduction in
the overall size of the GUVs induced
by Endo B1 plus Bax (Fig. 4A4). Sec-
ond, Endo B1 plus Bax induced mas-
sive liposome vesiculation, which
was seen through the formation of
multiple small vesicles inside larger
ones apparently due to a form of
“inward budding” (Fig. 4C). Third,

there appears to be an activation of
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411 411
1h

351 351

291 29

234 234

174 17

14 14

i i A

real time (data not shown). In con-
trast, Endo B1 or Bax alone did not
affect the shape or size of GUVs
(Fig. 4A). These results were con-
firmed by the analysis of the size dis-
tributions of the GUVs, which show
a reduction in average liposome
diameter to <5 um after the addi-
tion of Endo B1 plus Bax, whereas
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the same amount of Endo B1 or Bax
alone did not change the size distri-
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bution of GUVs (Fig. 4B). The rela-
tive number of GUVs containing
inclusions of smaller liposomes
increased 4-fold following the addi-
tion of Endo B1 plus Bax into the
GUV chamber (Fig. 4D), whereas
Endo B1 or Bax alone only slightly
increased the number of GUVs with
inclusions. Furthermore, this small
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FIGURE 3. Substoichiometric levels of Bax oligomerize Endo B1. A, gel filtration profiles of Endo B1 (2 nmol)
incubated with Bax (2 nmol) or with Bax (0.2 nmol) for 1 and 4 h as well as Baxand Endo B1 alone. Fractions 8-18
from the Endo B1 alone, Bax alone, and Endo B1 (2 nmol) incubated with Bax (2 nmol or 0.2 nmol) gel filtration
columns were analyzed by Western blot using anti-Bax and anti-Endo B1 antibodies (B).

Endo B1 preincubated with an equimolar amount of Bax was
injected into the GUV chamber to yield a final concentration of
490 nM Endo B1 and Bax. This resulted in extensive shape tran-
sitions of GUVs, as shown in the representative confocal images
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effect of Endo B1 or Bax individually
most likely is a result of the osmotic
gradient generated by the protein
buffer, ~0.2 mm Tris, because
buffer alone caused a similar minor
effect (Fig. 4D; also see supplemen-
tal Fig. S1). The effect of the osmotic
gradients on GUV shape deforma-
tion is a well described phenome-
non (21, 27, 28). When Bax was
preincubated with C-terminal trun-
cated Endo B1AC, there was no
noticeable affect on liposome vesic-
ulation (supplemental Fig. S2).

As the vesiculation of GUVs is
accompanied by a decrease in aver-
age size, small liposomes probably
derive from the membrane of the
initial large GUVs, in a kind of inter-
nal (and external) budding process.
To test this hypothesis, the soluble
fluorescent dye Alexa-488 was added to preformed GUVs prior
to the addition of Endo B1 plus Bax, allowing visualization of
dark (empty) GUV lumens within the fluorescent solution (Fig.
5B, left image). Upon the addition of Endo B1 plus Bax, small
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branes to trigger Bax insertion
into the membrane and oligomer-
ization (29). Despite intense study,
only one cell-free activity of Bax,
the ability to permeabilize artificial
lipid membranes and isolated mito-
chondria, has yielded insight into its
mechanism of action in cells (13).
We report here a new cell-free activ-
ity of monomeric Bax that occurs in
the absence of tBid, the ability to
catalyze Endo Bl oligomerization
and activate membrane budding.
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Strikingly, Endo Bl oligomers
exclude Bax from the complex, con-
sistent with a chaperone-like activ-
ity of monomeric Bax to catalyze
this conversion. Furthermore, Bax
can act slowly over time in substoi-
chiometric amounts to oligomerize
Endo B1. In contrast, the antiapop-
totic Bcl-2 family member Bcl-xL
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FIGURE 4. Endo B1 with Bax induces massive vesiculation and liposome size reduction. A, control image
before protein addition (upper left). Endo B1 or Bax does not induce liposome shape deformation (upper right
and lower left, respectively). The sphericity of these GUVs indicates a lack of osmotic stress. Confocal images
were taken 30 min after the addition of 490 nm Endo B1 or Bax. Endo B1 preincubated with Bax affects shape
and size of GUVs (lower right). The image was taken 20 min after the Endo B1 plus Bax (1:1 mol/mol) addition.
Scale bars here and elsewhere, 20 um. B, size distribution of GUVs obtained before and after the addition of
Endo B1 plus Bax, Endo B1, or Bax. Normalized number of GUVs is plotted versus their size. Data are the
summary of the analysis of at least three independent experiments for each condition with multiple images
taken in each experiment. C, a representative image of large GUVs with entrapped multiple smaller vesicles.
D, number of GUVs with smaller vesicle inclusions increases after the addition of Endo B1 plus Bax. A summary
of the statistical analysis of the percentage of GUVs with inclusions before and after the addition of Endo B1
plus Bax, Endo B1, Bax, or corresponding aliquots of Tris buffer as a control. The number of liposomes analyzed
per experiment was ~150. Statistical analysis was done using a two-tailed t test (a = 0.05) as a comparison with
control after the addition of 0.2 mm Tris buffer (**, p < 0.04) and as a comparison with control before protein

that the SH3 domain is responsible
for either Endo B1 interaction with
Bax or Endo B1 homo-oligomeriza-
tion. Because the only known Bax
interaction region of Endo B1 exists
at the extreme N terminus (3, 30),
the SH3 domain most likely medi-
ates Endo B1 oligomerization.
Correlating with conditions of
Endo B1 oligomerization, Bax acti-

injection (*, p < 0.1).

vesicles filled with Alexa-488 appear within the larger, Alexa-
488-excluding vesicles (Fig. 54). GUV membranes otherwise
are impermeable to free Alexa-488 added to the buffer, as seen
in the control experiment (Fig. 5B). This indicates that the out-
side medium with free dye becomes encapsulated inside small
vesicles during their formation, probably resulting from inward
budding of vesicles from the outer membrane of GUVs. Endo
B1 covalently attached to Alexa-488 and preincubated with Bax
showed the same luminal labeling of encapsulated GUVs as
soluble Alexa-488 displayed (supplemental Fig. S3). These
experiments support the model that Endo B1 combined with
Bax induces an inward (and outward) budding of liposomal
membranes.

DISCUSSION

Bax, a key proapoptotic protein in the Bcl-2 family, trans-
locates from the cytosol to mitochondria during apoptosis,
where it inserts into the outer mitochondrial membrane,
forms oligomeric complexes, and mediates the release of cyto-
chrome c (12). Recapitulating some of these steps in vitro, Bax can
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vates Endo Bl to mediate mem-

brane budding of GUVs. Endo Bl
combined with Bax appears to mediate budding of vesicles out
of GUVs as well as into GUVs, consistent with the induction of
both positive and negative membrane curvature changes.
Although it is difficult to track and quantify vesicles budding off
GUVs, the internally budded vesicles become trapped within
GUVs, allowing their detection and analysis. That these vesicles
bud inward is shown by the derivation of their luminal contents
from outside GUVs and distinct from the internal milieu of the
parent GUVs. Such concave membrane deformation has been
previously demonstrated for I-BAR (31) but not N-BAR or
E-BAR proteins. Outward as well as inward vesiculation of
GUVs could be induced by very different external forces, such
as low osmotic stress (21, 27, 28), mild detergents (32), lyso-
phospholipids (33), DNA (34), and local pH gradients (35). A
variety of membrane surface-active agents, such as a mild
detergent, a lysophospholipid, or an amphiphile, which tends to
modify the surface ratio of the two bilayer leaflets and therefore
the spontaneous curvature, is expected to promote budding
and fission (32). Such shape changes in GUVs are reasonably
explained by the “bilayer coupled hypothesis” also known as the
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FIGURE 5. Internal small vesicles appear to bud off from the GUV mem-
brane. A, images of GUVs generated after sequential addition of Alexa-488
and unlabeled Endo B1 preincubated with Bax. Free dye fills some of the small
vesicles (green circles) inside the larger one without dye (empty dark green
circles). B, confocal images of GUVs in the presence of free Alexa-488 (green)
show that dye does not penetrate through the membrane of GUV (up to 2 h).
Images at the left were taken at the 488-nm excitation wave and show
Alexa-488. The same images at the right were taken at 568 nm and show
liposome membrane labeled with rhodamine-dioleoylphosphatidyletha-
nolamine (red).

“area difference-elasticity” model (25, 32, 33). The rationale of
this theory is that the insertion of an amphiphile into the outer
leaflet of the lipid bilayer induces a lateral tension of this leaflet
that cannot be relieved by lateral expansion because the two
leaflets must remain together. This promotes a tendency to
increase the outside/inside surface ratio of the two leaflets by
budding (32). Assuming that N-BAR domains of Endo B1 and
endophilin A1 share structural similarities, we can apply this
model to our system. Two distinct amphipathic helixes in the
N-BAR domain of endophilin A1 that penetrate into the exter-
nal leaflet of the bilayer (10, 11) could promote convex curva-
ture of a region of a GUV membrane to induce outward bud-
ding. The concave budding of GUVs we observed with Endo B1
plus Bax may be a consequence of the displacement of lipid
from the inner leaflet of an Endo Bl-mediated convex bulge
forcing excess lipid in the inner leaflet out of the bulge that may
be predicted to induce a reciprocal concave bulge outside the
BAR domain occupied region in compensation. However, the
lipid continuities of electroswollen GUVs may negate such a
requirement for stoichiometric lipid curvature compensations,
and Endo B1 may actively mediate inward as well as outward
GUYV budding. Thus, at this point, we cannot ascertain if Endo
B1 plus Bax induces both concave and convex budding of vesi-
cles from the GUVs or if they induce only one directional bud-
ding that forces reverse budding to compensate for excessive
lipid mass in the opposite leaflet. Importantly, the tetrameric
form of Endo B1 alone is not sufficient to induce GUV budding.
GUV budding induced by Endo B1 occurred upon preincuba-
tion with Bax, which also induces Endo B1 to oligomerize, sug-
gesting that it is the high molecular weight homo-oligomeric
complexes of Endo B1 that initiate GUV shape deformation.
Further linking the oligomerization of Endo B1 to GUV vesic-
ulation is the failure of SH3 domain-truncated Endo B1, which
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does not change gel filtration pattern upon incubation with
Bax, to vesiculate GUVs in the presence of Bax. Thus, the mech-
anism of GUV budding by Endo B1 may resemble the mecha-
nism proposed recently for oligomeric forms of F-BAR
domains (36). F-BAR domains, sharing overall shape similari-
ties with N-BAR domains (11), assemble in parallel arrays on
flat membrane surfaces that can rotate in curved convex
ensembles, thereby bending the membrane lipid bilayers into
tubules (37). High molecular weight Endo B1 complexes could
adsorb on the essentially flat surface of GUVs (considering the
vesicle size relative to the Endo B1 complexes) and squeeze
membrane vesicles off of the flat surface or invert them into the
GUV. We could visualize this model as oligomeric Endo Bl
forming a “collar-like” structure outside of convex membrane
buds or inside of the neck of inward concave buds as they
emerge off or into GUVs, respectively. Here we suggest a dual
curvature-generating mechanism previously proposed for BAR
proteins (10, 11), where Endo B1 ensembles anchored into the
external leaflet of the bilayer promote local bilayer uncoupling
and membrane budding.

However, we cannot exclude the possibility that Bax may
participate with the N-BAR protein, Endo B1, to mediate
vesicle budding. A synergistic effect between Endo B1 (Bif-1)
and Bax activated by tBid was found to promote Bax oligomer-
ization and liposome permeabilization. This effect was also
observed on small unilamellar liposomes formed from mito-
chondrial outer membrane-mimicking lipid compositions (30).
Interestingly, the synergistic effect of Endo Bl with Bax was
observed only in the presence of tBID and apparently distinct
from our results reported here, where tBID is absent. Consist-
ent with a distinct interaction between Bax and Endo B1 in the
absence of tBID, we see no stable binding of Bax to Endo B1 or
Bax oligomerization in solution. Thus, although it may be pos-
sible for Bax to participate with Endo B1 in GUV vesiculation,
because we have no tBid present, we favor the model that olig-
omeric Endo Bl alone, dependent on Bax primarily for the
induction of oligomerization, mediates GUV fission and fusion.
A several-step mechanism by which Bax triggers cytochrome ¢
release from mitochondria has been proposed (29, 38). In this
model, the first steps are Bax conformational activation and
insertion into the mitochondria outer membrane (MOM), and
the last step is the formation of large pores and MOM perme-
abilization. Etxebarria et al. (30) concluded that Endo B1 stim-
ulates the permeabilization function of Bax at the membrane
level. Interestingly, Bax inserts selectively into membranes with
higher curvature (39), and Endo Bl-mediated curvature may
activate Bax insertion as previously proposed (30). However, it
is important to distinguish the mechanism of membrane activ-
ity of Bax proposed here from models of its pore-forming activ-
ity (40, 41). Oligomeric Bax, which is known to form pores in
lipid membranes (42), induces rupture of the entire GUV (data
not shown), in marked contrast to what we see with monomeric
Bax or monomeric Bax plus Endo B1, where no vesicle rupture
is observed, indicating little or no Bax-mediated pore forma-
tion. This is also consistent with the gel filtration data indicat-
ing that despite Bax induction of Endo B1 oligomerization, Bax
stays monomeric during the process. Because membrane cur-
vature may in turn activate Bax insertion into membranes, our
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results suggest that Bax could promote its own membrane
insertion by activating Endo B1 oligomerization and thereby
the induction of mitochondrial membrane curvature, upstream
of pore formation. A second step could be BH3-only protein
promoting the oligomerization of the membrane-inserted Bax,
leading to MOM permeabilization. This model is consistent
with the co-localization of Bax and Endo B1 specifically during
apoptosis (4).

Alternatively or additionally, because Endo B1 is normally
involved in mitochondrial morphogenesis in healthy cells,
our results suggest how Bax may activate Endo B1 specifi-
cally during apoptosis to mediate the mitochondrial fission
that occurs close in time to Bax translocation and cyto-
chrome c release (14). Bax stimulation of EndoB1 membrane
activity and alteration of its quarternary structure shown
here may also reflect the in vivo activity of Bax on outer
mitochondrial membrane dynamics of Endo B1 (5) or the
effect of Bax on mitochondrial fusion rates (8) in healthy,
non-apoptotic cells. If Bax alters Endo B1 quaternary struc-
ture in healthy cells it may be mediated by the monomeric
non-apoptotic conformation of Bax, as is used in the cell-free
assays reported here and as occurs predominantly in non-
apoptotic cells. However, we find that most Endo B1 appears
in dimers and tetramers in the cytosol of cells, and only a
minor fraction of Endo B1 on mitochondria in healthy cells
would be predicted to form oligomers. In contrast, concen-
trated foci of Endo B1, perhaps representing oligomers iden-
tified here, occur on mitochondria during apoptosis (5).
Endo B1 lacking the SH3 domain, which fails to oligomerize
upon cell-free incubation with Bax and fails to induce GUV
vesicle budding, acts as a dominant negative inhibitor of
Endo B1 in healthy cells by inhibiting mitochondrial outer
membrane fission and inducing long filaments of intercon-
nected outer mitochondrial membrane (5). We suggest that
the Endo B1 and Bax may work together to affect mitochondrial
outer membrane dynamics, although, because EndoB1 knock-
down cells show an inhibition of outer mitochondrial mem-
brane fission and Bax is required for normal rates of mitochon-
drial fusion, other proteins probably impact their activity. For
example, Endophilin B2, a close Endo B1 homologue that is
reported not to bind Bax (3) is found in cells bound to Endo B1,*
and Bax may alter the interaction between these two proteins.
Last, how Bak, a close structural and functional homologue of
Bax, may interact with Endo B1 is unknown and, because Bak
can also stimulate mitochondrial fusion in healthy cells, the
potential interplay between Endo B1 and Bak may be influenced
by Bax. How these healthy cell activities of Bax and Endo B1 on
the mitochondrial outer membrane, that may be reflected in
the GUYV fission processes documented here, may be coupled
to the MOM permeabilization during apoptosis remains to be
elucidated.
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