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BAK is a key effector of mitochondrial outer membrane
permeabilization (MOMP) whose molecular mechanism of
action remains to be fully dissected in intact cells, mainly due
to the inherent complexity of the intracellular apoptotic
machinery. Here we show that the core features of the BAK-
driven MOMP pathway can be reproduced in a highly simpli-
fied in vitro system consisting of recombinant human BAK
lacking the carboxyl-terminal 21 residues (BAK�C) and tBID
in combination with liposomes bearing an appropriate lipid
environment. Using this minimalist reconstituted system we
established that tBID suffices to trigger BAK�C membrane
insertion, oligomerization, and pore formation. Further-
more, we demonstrate that tBID-activated BAK�C permea-
bilizes the membrane by forming structurally dynamic pores
rather than a large proteinaceous channel of fixed size. We
also identified two distinct roles played by mitochondrial
lipids along themolecular pathway of BAK�C-inducedmem-
brane permeabilization. First, using several independent
approaches, we showed that cardiolipin directly interacts
with BAK�C, leading to a localized structural rearrangement
in the protein that “primes” BAK�C for interaction with
tBID. Second, we provide evidence that selected curvature-
inducing lipids present in mitochondrial membranes specif-
ically modulate the energetic expenditure required to create
the BAK�C pore. Collectively, our results support the notion
that BAK functions as a direct effector of MOMP akin to BAX
and also adds significantly to the growing evidence indicating
that mitochondrial membrane lipids are actively implicated
in BCL-2 protein family function.

MOMP5 and the ensuing release of apoptogenic factors such
as cytochrome c constitutes a pivotal step in commitment to
apoptosis, which is tightly regulated by BCL-2 family proteins
(1, 2). The BCL-2 family is composed of both anti- and pro-
apoptotic proteins (1–3). The anti apoptotic members (BCL-2,
BCL-XL, BCL-W, MCL-1, BFL-1/A1) prevent apoptosis pri-
marily by inhibiting MOMP. Proapoptotic members of this
family are traditionally subdivided into direct effectors of
MOMP (BAX and BAK), which adopt an inactive form in
healthy cells, and BH3-only proteins (BID, BIM, BAD, BIK,
HRK, PUMA, NOXA, and BMF), which trigger functional acti-
vation of BAX/BAK and thereby promote MOMP.
Understanding the precise proapoptotic mode of BAK/BAX

action is crucial to understanding how a cell makes the decision
to undergo apoptosis (4). However, despite intense research
effort, the exact molecular pathway leading to functional BAK/
BAX activation during apoptosis has not yet reached consen-
sus, and several possible models have been proposed (5–13). In
addition, the architecture of the BAK/BAX pore remains a key
and controversial issue in the field of cell death (1–4, 14–20).
On top of this, increasing evidence indicates that the BCL-2-
regulated MOMP pathway is a lipid-assisted process (16, 18,
20–27), but whether and how mitochondrial lipids participate
in BAK proapoptotic function remains largely unexplored.
One of the major hurdles for gaining a molecular-level

understanding of the proapoptotic mode of BAK action work-
ing with intact cells is the complexity of the network of inter-
molecular interactions that controls the BCL-2-regulated
MOMPpathway at compositional, structural, and dynamic lev-
els (28). In this regard, compositionally defined in vitro recon-
stituted systems proved to be an invaluable tool complement-
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ing in vivo cell biology approaches to reveal fundamental
information concerning the mechanism of action of individual
BCL-2 family members and their regulatory factors (6, 9, 11,
14–31).
Here, we demonstrate that the main features of the BAK-

driven MOMP pathway can be reproduced in vitro using
recombinant forms of BAK and tBID together with synthetic
vesicles containing a defined lipid composition. Our studies
with this novel in vitro reconstituted system shed new mecha-
nistic insight on how tBID triggers functional BAK activation as
well as important information regarding the actual molecular
mechanism of pore formation by BAK. Additionally, we also
identified two distinct roles played by mitochondrial lipids at
different steps along the membrane permeabilization process
driven by BAK.

EXPERIMENTAL PROCEDURES

Materials—Egg phosphatidylcholine (PC), egg phosphati-
dylethanolamine (PE), liver phosphatidylinositol (PI), heart
cardiolipin (CL), myristoylated CL (mCL), monolysocardioli-
pin (LCL), egg phosphatidylglycerol (PG), egg phosphatidic
acid (PA), brain phosphatidylserine (PS), liver phosphatidylino-
sitol (PI), cholesterol (CHOL), 1,2-di-(9,10-dibromooctade-
canoyl)-sn-glycero-3-phosphocholine (BrPC), 1-palmitoyl-2-
stearoyl-(5-doxyl)-sn-glycero-3-phosphocholine (5-doxyl-PC),
1-palmitoyl-2-stearoyl-(10-doxyl)-sn-glycero-3-phosphocho-
line (10-doxyl-PC), 1-palmitoyl-2-stearoyl-(16-doxyl)-sn-
glycero-3-phosphocholine (16-doxyl-PC), egg lysophosphati-
dylcholine (LPC), egg diacylglycerol (DAG), and CHOL were
purchased from Avanti Polar Lipids (Alabaster, AL). KCl,
HEPES, EDTA, dodecyl octaethylene glycol monoether
(C12E8), TX-100, FD-20, FD-250, histone 1.2, gliotoxin, tetano-
lysin, melitin, cupper II sulfate (CuSO4), and phenanthroline
were obtained fromSigma. P53was obtained fromCalbiochem.
1,3,6-Aminonaphtalene-trisulfonate (ANTS) and p-xilene-bis-
dipicolinic acid (DPX) were purchased fromMolecular Probes
(Eugene, OR). Anti-BAK G23 polyclonal antibody was from
Santa Cruz (Santa Cruz, CA), and anti-BAK Ab-1 polyclonal
antibody was from Calbiochem.
Recombinant Proteins and Synthetic Peptides—Recombinant

human BAK lacking the carboxyl-terminal 21 amino acids
(BAK�C) and its mutant form G126S (BAK�CG126S) (32),
recombinant full-length murine BID with an amino-terminal
His6 tag (BID) (33), recombinant caspase 8-cleavedmurine BID
with an amino-terminal His6 tag (tBID) and its mutant form
tBID (93–96)A (33), the active carboxyl-terminal fragment of
tBID (amino acids 60–195) (tcBID) (33), recombinant BIML
lacking the carboxyl-terminal 23 amino acids and with an ami-
no-terminal His6 tag (BIML�C) (9), recombinant human
Bcl-XL lacking the carboxyl-terminal 24 amino acids and with
an amino-terminal His6 tag (BCL-XL�C) (9), recombinant
mouse MCL-1 lacking the carboxyl-terminal 27 amino acids
(MCL-1�C) (9), and recombinant human BCL-2 lacking the
carboxyl-terminal 24 amino acids and with an amino-termi-
nal His6 tag (BCL-2�C) (9) were obtained as previously
described. All proteins were purified from soluble fractions
of bacterial extracts and were �90% pure as evaluated by
Coomassie-stained SDS-PAGE. Except for tcBID, all pro-

teins were purified in the complete absence of detergents
during the purification procedure. HPLC-purified peptides
were obtained from Abgent. Peptide sequences were:
21BIDBH3, IRNIARHLAQVGDSMDRSIPP; F-21BIDBH3,
FITC-IRNIARHLAQVGDSMDRSIPP; 29BIDBH3, SESQ-
EDIIRNIARHLAQVGDSMDRSIPPG.
Cytochrome c Release Assays—Mitochondria were isolated

from livers of male Harlan Sprague-Dawley rats as described
previously (18). Isolated mitochondria (500 �g of protein/ml)
were incubated with recombinant proteins in 125 mM KCl, 5
mM KH2PO4, 2 mM MgCl2, 1 mM DTT, 25 �M EGTA, 5 mM

succinate, 5 �M rotenone, and 10 mMHEPES-KOH, pH 7.2, for
20 min at 30 °C under constant stirring, using an Eppendorf
Thermomixer (Vfinal � 100 �l). Reactionmixtures were centri-
fuged at 14,000� g for 10min. Supernatant fractions and pellet
fractions were subjected to 4–20% SDS-PAGE followed by
Western blotting using anti-cytochrome c 7H8.2C-12 antibody
(Pharmingen). Mitochondria were kept on ice and used within
3 h of preparation (R&D Systems, Minneapolis, MN).
Liposome Preparation—Unless otherwise indicated, lipo-

somes were prepared with a lipid composition resembling that
of MOM contact sites ((40 PC/35 PE/10 PI/15 CL (mol/mol))
(MOM-like liposomes) (18). Lipid mixtures at the indicated
ratios were co-dissolved in chloroform/methanol (2:1), and
organic solvents were removed by evaporation under an argon
stream followed by incubation under vacuum for 2 h. Formem-
brane permeabilization assays, dry lipid filmswere resuspended
in 20 mM KCl, 10 mM Hepes, pH 7.0, 0.1 mM EDTA, 12.5 mM

ANTS, and 45 mM DPX, except in experiments corresponding
to Fig. 8 where 100mMKCl, 10mMHepes, 0.1 mM EDTA (KHE
buffer) supplemented with 10 mg/ml FD-20 and FD-250 was
used. Unless otherwise specified, for other assays lipid films
were resuspended in KHE buffer. Multilamellar vesicles were
next subjected to 5 freeze/thaw cycles. Unless otherwise speci-
fied, frozen/thawed liposomes were then extruded 10 times
through two polycarbonate membranes of 0.2-�m pore size
(Nucleopore, San Diego, CA) to obtain large unilamellar vesi-
cles (LUVs). Untrapped ANTS/DPX and FD-20/FD-250 were
removed by gel filtration in Sephadex G-75 and CL2B-Sephar-
ose columns, respectively, with KHE running as elution buffer.
Fluorimetric Measurements of Vesicular Contents Release—

Release of LUV-encapsulated ANTS/DPXwasmonitored in an
8100 Aminco-Bowman luminescence spectrometer (Spec-
tronic Instruments, Rochester, NY) in a thermostatically con-
trolled 1-cm path length cuvette with constant stirring, at 37 °C
(Vfinal � 750�l). TheANTS emissionwasmonitored at 520 nm
with the excitation wavelength set at 355 nm (slits, 4 nm). The
FD-20 and FD-250 emission was monitored at 490 nmwith the
excitation wavelength set at 530 nm (slits, 4 nm). The extent of
marker release was quantified on a percentage basis according
to the equation (Fi � F0/F100 � F0) � 100, where Fi is the
measured fluorescence of protein-treated LUV at time t, F0 is
the initial fluorescence of the LUV suspension before protein
addition, and F100 is the fluorescence value after complete dis-
ruption of LUV by the addition of C12E8 (final concentration,
0.5 mM). Unless otherwise specified, lipid concentration was
100 �M.
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Binding of Proteins to MOM-like Liposomes—To assess the
liposome binding capacity of BAK�C alone or combined with
tBID, a low speed vesicle sedimentation approach was used fol-
lowed by detection of the protein by immunoblotting. Bromin-
ated PC was employed to allow efficient pelleting of liposomes
by centrifugation. BAK�C (200 nM) with or without tBID (100
nM) was incubated with freeze/thaw vesicles (1 mM) for 20 min
at 37 °C under constant stirring using an Eppenford Thermo-
mixer (Vfinal � 100 �l). Samples were centrifuged for another
10min at 18,000� g, and equivalent aliquots (10�l) were taken
from supernatant (corresponding to free protein) and pellet
fractions (corresponding to liposome-bound protein). Half of
the volume of both fractions was then subjected to reducing
SDS-PAGE on 15% Tris-glycine gels followed by protein visu-
alization by immunoblotting using anti-BAK G23 polyclonal
antibody.Western blot signals were digitalized using a Bio-Rad
Fluor-S-Max Imager, and integrated densities were measured
usingQuantityOne program (FujifilmUSA, Valhalla, NY). Lin-
earity of the response of the film-based system under condi-
tions used was established using a serial dilution of recombi-
nant purified BAK�C protein.
Protein-Lipid Overlay Assay—Membrane lipid strips were

purchased from Echelon Biosciences (Salt Lake City, UT). The
strips were first blockedwith 1% fat-freemilk in PBS for 1 h and
incubated for 1 more hour with BAK�C in PBS at 37 °C. The
stripswerewashed 3 times, 10min eachwithPBS, and soaked in
1% fat-free milk in PBS with an anti-BAK polyclonal G23 anti-
body at 1:2000 dilution for 1 h at room temperature. The strips
were washed twice with PBS and soaked in 1% fat free milk in
PBS with horseradish peroxidase-conjugated anti mouse anti-
body (Bio-Rad) at a 1:20,000 dilution for 1 h at room tempera-
ture. After washing with PBS 3 � 10 min at room temperature,
the protein was detected by chemiluminescence. Alternatively,
stock solutions of different anionic lipids were solubilized in
2:1:0.8 MeOH:CHCl3:H20, spotted onto Hybond C nitrocellu-
lose, and allowed to dry. The nitrocellulose was then subjected
to the same procedure described above to detect BAK�C by
immunoblotting, protein bands were digitalized, and inte-
grated densities were measured using Quantity One software.
No detergent was added in any of the steps described for pro-
tein-lipid overlay assays to avoid any possible detergent-in-
duced artifactual changes in BAK�C conformation.
Gel Filtration Assays of BAK�C Oligomerization—Gel filtra-

tion chromatography was performed in an AKTA system using
a Superdex 200 HR 10/30 column fromAmersham Biosciences
equilibrated in KHE supplemented with 2% (v/v) CHAPS. The
samplewas applied to the column in a total volume of 0.25ml at
a flow rate of 0.6 ml/min, and 1-ml fractions were collected and
analyzed by immunoblotting using anti-BAK G23 antibody.
SPR Analysis—SPR was measured with a BIAcoreTM 3000

instrument using an L1 sensor chip (BIAcore). To prepare the
L1 chip with liposomes, 40 mM octyl �-D-glucopyranoside
(Sigma) was injected over the surface at a flow rate of 100
�l/min for 30 s. Liposomes (2 mM final lipid concentration)
were then injected at a flow rate of 2 �l/min for 3 min and 30 s.
Binding analyses were performed at 25 °C in KHE (running
buffer). Protein stocks were dialyzed against the running buffer
and then diluted in the same buffer. Protein samples were

injected over the liposome-coated chip at a flow rate of 10
�l/min. The resonance units change due to buffer was sub-
tracted from the sample signal. The L1 chip was regenerated
and stripped of liposomes by injecting a 2-min pulse of 40 mM

octyl �-D-glucopyranoside followed by a 2-min pulse of run-
ning buffer.
BAK�C Cross-linking Assays Using Copper (II) 1,10-Phenan-

throline (CuPhe)—BAK�C (200 nM) was first incubated with or
without LUV of the indicated lipid compositions (1 mM) for 20
min at 37 °C under constant stirring using an Eppendorf Ther-
momixer (Vfinal � 100 �l). Then, samples were incubated with
the redox catalyst CuPhe on ice for 30 min. The CuPhe stock
was 30 mM CuSO4 and 100 mM 1,10-phenanthroline in 4:1
water/ethanol and diluted 50-fold into the sample. The oxida-
tion was quenched by adding 20 mM EDTA to chelate copper
and 20 mM N-ethylmaleimide to block unreacted cysteine res-
idues, and the samples were analyzed by nonreducing SDS-
PAGE and immunoblotting with anti-BAK G23 antibody.
Immunoprecipitations—Immunoprecipitations with the con-

formation-specific antibody Ab-1 were performed in 100-�l
reactions inKHEbuffer supplementedwith 2%CHAPS (w/v) at
4 °C unless otherwise specified. BAK�C and liposomes were
added at concentrations of 400 nM and 1 mM, respectively.
Immunoprecipitationwas allowed to occur overnight on a rota-
tor in KHE buffer. In the absence of liposomes, Triton X-100 or
CHAPS were added at 0.5% (w/v) as positive and negative con-
trols, respectively. Immunoprecipitates were collected by incu-
bating with protein G-Sepharose for 2 h followed by centrifu-
gation for 1 min. The pellets were washed 2 times with KHE
supplemented with 0.5% CHAPS then an additional 3 times
with KHE supplementedwith 2%CHAPS. Immunoprecipitates
were released from the beads in SDS loading buffer and ana-
lyzed by Western blotting with the BAK G23 antibody.
Far-UV Circular Dichroism (CD) Measurements—Far-UV

CD spectra were recorded at 37 °C on a Jasco J-810 spectrapo-
larimeter (Jasco Spectroscopic Co. Ltd., Hachioji City, Japan)
equipped with a JASCO PTC-423S temperature control unit
using 1-mm path length cell. Data were collected every 0.2 nm
at 50 nm/min from 250 to 200 nm with a bandwidth of 2 nm,
and results were averaged from 20 scans. All samples were
allowed to equilibrate for 10min before CD analysis. Each spec-
trum represents the average of three distinct spectral record-
ings. The contribution of buffer with/or without liposomes to
the measured ellipticity was subtracted as the blank. All sam-
ples were allowed to equilibrate for 10 min before CD analysis.
Each spectrum represents the average of three distinct spectral
recordings. The contribution of buffer with/or without lipo-
somes to the measured ellipticity was subtracted as the blank.
Molar ellipticity values were calculated using the expression
� � �/10cnl, where � is the ellipticity (millidegrees), c is the
protein concentration (mol/liter), l is the cuvette path length,
and n is the number of amino acid residues in the protein. To
assess the thermal stability of the BAK�C sample, components
were incubated for 1 h in KHE buffer at 37 °C before the begin-
ning of measurements. The midpoint of the melting transition
(t1⁄2) was estimated using the first derivative converter available
in the software of the CD instrument with a window of nine
data points and a second-degree polynomial smoothing.

Lipid Modulation of BAK Function

MARCH 11, 2011 • VOLUME 286 • NUMBER 10 JOURNAL OF BIOLOGICAL CHEMISTRY 8215



Lipid Modulation of BAK Function

8216 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 286 • NUMBER 10 • MARCH 11, 2011



Steady-state Fluorescence Spectroscopy—BAK�C intrinsic
fluorescence was monitored by observing the protein emission
spectrum from tryptophan fluorescence. Sample components
were incubated for 10 min before beginning measurements.
Fluorescence spectra (averaging three spectra) were recorded
between 300 and 400 nm (5-nm bandpass) at a scan rate of 1
nm/s using an excitation wavelength of 295 nm (5 nm band-
pass). The slit widths for excitation and emission were kept at 4
nm, with the experiment conducted at 37 °C. The contribution
of buffer or liposomes alone to sample fluorescence was sub-
tracted as blank.
Fluorescence Polarization Assays—BAK�C or BCL-XL�C

(400 nM)were incubated for 2 hwith F-BIDBH3 peptide (5 nM).
EC50 values were determined by fitting the experimental data
using a sigmoidal dose-response nonlinear regression model
with Sigma Plot software.
Isothermal Titration Calorimetry (ITC) Assays—ITC studies

were performed using a VP-ITC microcalorimeter (Microcal
Inc.). Titrationswere performed inKHEbuffer at 25 °C. Protein
stocks were dialyzed against the same buffer used for preparing
samples for ITC analysis. Titrations consisted of an initial injec-
tion of 2 �l followed by 29 � 10-�l injections of peptide at 40
�M into 1.4ml of protein (5�M). The datawere analyzed to fit to
a one-site model using the Origin software (OriginLab Corp.)
provided by the manufacturer.
Electrophysiological Studies with Planar Lipid Bilayer

Membranes—Experiments were performed in planar lipid
bilayermembranes (BLMs) formed by theMueller-Rudin tech-
nique across a 250-�m diameter hole. BLM composition was
50PC/25PE/25CL, and the solution bathing the membrane was
KHE. Membrane thinning was monitored visually and by
capacitancemeasurements. After planarmembrane formation,
a glassmicropipette filledwith a solution containing the protein
was brought into close proximity to BLMs (�2�m). The whole
BLM conductance was measured at voltage-clampmode-hold-
ing potential from the site of protein addition. The resulting
current was filtered (500 Hz corner frequency, H900 active fil-
ter, Frequency Devices, Haverhill, MA) and stored (100-�s
sampling rate).
CryoelectronMicroscopy (Cryo-EM)—For the cryo-EM stud-

ies, tBID-activated BAK�C or tetanolysin were incubated with
LUVs at different protein/lipid ratios for at least 15 min. Grids
were prepared following standard procedures and observed at
liquid nitrogen temperatures in a JEM-2200FS/CR transmis-
sion electron microscope (JEOL Europe, Croissy-sur-Seine,
France) operated at 200 kV. An in-column omega energy filter

helped to record images with improved signal to noise ratio by
zero-loss filtering. The energy selecting slit width was set at 9
eV. Digital images were recorded on UltraScan4000 CCD cam-
era under low-dose conditions at a magnification of 55,058
obtaining a final pixel size of 2.7 Å/pixel.

RESULTS AND DISCUSSION

Functional Reconstitution of BAK�C in CL-enriched MOM-
like Liposomes—Our initial attempts to express and purify
recombinant full-length human BAK in Escherichia coli using
pRSETHisLipoTEV vector were hampered due to toxicity and
insolubility problems associated with this construct (32). Thus,
we decided to examine whether a recombinant purified form of
human BAK lacking a 22-amino acid-long carboxyl-terminal
segment containing a putative transmembrane region (termed
BAK�C hereafter) possesses an intrinsic membrane permeabi-
lizing function (32). To this aim, isolated rat liver mitochondria
and MOM-like LUVs loaded with the fluorophore/quencher
pair ANTS/DPX were incubated in parallel with increasing
concentrations of BAK�C either alone or in combination with
a number of putative BAK activators: caspase-8-cleaved BID
(tBID), BIML�C, p53, histone 1.2, and gliotoxin (13, 31, 33–36).
As shown in Fig. 1, BAK�C by itself or in combination with
BIML�C, p53, histone 1.2, or gliotoxin produced little release of
mitochondrial cytochrome c or vesicular ANTS/DPX, indicat-
ing that BAK�C is functionally inactive under these conditions.
By contrast, the combination of BAK�C with tBID produced
near-to-complete release of both mitochondrial cytochrome c
and vesicular ANTS/DPX. However, BAK�C released ANTS/
DPX from LUV with at least 20-fold higher potency than cyto-
chrome c frommitochondria (Fig. 1B). Although the exact ori-
gin of this discrepancy remains to be determined, a likely
possibility is that the two experimental systems present impor-
tant differences regarding their content and availability of cru-
cial modulators of BAK, including antiapoptotic BCL-2-type
proteins, certain VDAC (voltage-dependent anion channel
protein) isoforms, and/or CL (see below) (4, 37).
tBID was �13-fold more potent than BID activating

BAK�C-permeabilizing function in the liposomal system as
determined by comparing the protein concentrations, giving
half-maximal release (EC50 value), which is similar to the
degrees of activation of cytochrome c release on BID cleavage
reported in mitochondria isolated from a variety of cell types
(typically 10–20-fold) (33, 38, 39) (Fig. 1C and supplemental
Table I). The physiological relevance of the BAK�C permeabi-
lizing function triggered by tBID inMOM-like LUVwas further

FIGURE 1. Reconstitution of tBID-triggered BAK�C permeabilizing function in MOM-like liposomes. A, rat liver mitochondria were incubated with the
indicated recombinant apoptotic proteins for 20 min followed by enzyme-linked immunosorbent assay-based analysis of cytochrome c release. tBID, BIML�C,
p53, histone 1.2 (H1.2), and gliotoxin (Gliot.) were added at 200 nM. The double asterisk denotes significant differences between experiments, as revealed by
Student’s t test (p � 0.01). All data points represent mean values and S.E. of three independent experiments (except p53, n � 2). B, ANTS/DPX-loaded MOM-like
LUVs (100 �M) were treated with the indicated recombinant apoptotic proteins for 20 min followed by determination of the extents of vesicular contents
release by spectrofluorimetry. tBID, BIML�C, p53, histone 1.2, and gliotoxin were added at 200 nM. Data represent the mean values and S.E. from 3– 6
independent experiments. C, shown is the extent of ANTS/DPX release from MOM-like LUVs (100 �M) elicited by BAK�C/BAK�CG126S (200 nM) incubated for
20 min with increasing concentrations of indicated forms of tBID for 20 min. Data represent the mean values and S.E. of three independent experiments (except
3000 nM, n � 2). Experimental data were fitted with a sigmoidal dose-response nonlinear regression model. D, shown is concentration dependence of the
inhibitory effect elicited by BCL-2�C, BCL-XL�C, and MCL-1�C on the vesicular ANTS/DPX release induced by 200 nM BAK�C plus 100 nM tBID. LUVs (100 �M)
were first treated with antiapoptotic proteins for 5 min followed by incubation of the mixture with proapoptotic proteins for 20 min, and finally, extents of
vesicular contents release were determined. When indicated, experimental data were fitted with a sigmoidal dose-response nonlinear regression model. Data
represent mean values and S.E. from at least two independent experiments.
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supported by the finding that mutations known to inhibit the
apoptogenic capacity of tBID/BAK in cells also diminished
the ability of the tBID/BAK�C mixture for releasing vesicular
ANTS/DPX (Fig. 1C) (33, 40).Moreover, recombinant antiapo-
ptotic BCL-XL�C, MCL-1�C, and BCL-2�C proteins
decreased tBID/BAK�C-mediated liposome permeabilization
in a dose-dependent manner with the inhibitory potency being
higher for BCL-XL�C/MCL-1�C than for BCL-2�C, in agree-
ment with the higher binding affinity for BAK/tBID exhibited
by the former antiapoptotic proteins relative to the latter (Fig.
1D) (41, 42).
Previous studies by different groups revealed thatCLplays an

important role in the BAX-driven membrane permeabilization
pathway triggered by tBID (16–18, 20, 23, 26, 27). Thus, we
next decided to analyze the possible implication of CL in
BAK�C-induced liposome permeabilization. LUVs loaded
with ANTS/DPX were prepared containing different amounts
of CL followed by the addition of BAK�C/tBID andmonitoring
of vesicular contents release by spectrofluorimetry. Increasing
the concentration of CL progressively enhanced the extent of
vesicular contents release induced byBAK�C/tBID and also led
to faster kinetics of liposome permeabilization, reaching a sat-
urating response at �30 mol% CL (Fig. 2A, and supplemental
Fig. 1). This effect was specific for the BAK�C/tBIDmixture, as
incorporation of CL in LUV did not substantially change the
permeabilizing activity of tetanolysin, a cholesterol binding
pore-forming toxin, and even inhibited the release of vesicular
ANTS/DPX induced by the antimicrobial peptide melittin
(supplemental Fig. 1).
Recent studies with an in vitro reconstituted system similar

to ours identified two major consecutive steps in the BAX-
driven membrane permeabilization process triggered by tBID;
1) penetration of otherwise cytosolic BAX segments into the
lipid bilayer and 2) assembly of membrane-integrated BAX
monomers into oligomeric species (11). As a first approach to
assess the applicability of these postulates for tBID-triggered
BAK�C-permeabilizing function reconstituted in MOM-like
liposomes, we examined the capacity of BAK�C to interact
with vesicles lacking or enriched in CL in the presence or
absence of tBID. To try discriminating between adsorption of
BAK�C onto the liposome surface and penetration of BAK�C
segments into the bilayer hydrophobic core, liposomes were
prepared and tested in buffers with different ionic strengths (i.e.
30 mM KCl, 100 mM KCl, and 500 mM KCl). Then, lipid-con-
taining and lipid-free fractions were separated by centrifuga-
tion, and the amount of liposome-bound BAK�C (pellet) and
free BAK�C (supernatant) were analyzed by SDS-PAGE/im-
munoblotting and quantitative densitometry. To avoid misin-
terpretation of the data, care was taken to stay within the linear
range of the immunoblot assay (supplemental Fig. 2A). We
found little BAK�C bound to CL-lackingMOM-like liposomes
under all conditions examined,whereas themajority of BAK�C
appeared associated to CL-enriched MOM-like liposomes in
the presence of tBID irrespective of the ionic strength of the
incubation medium (Fig. 2B and supplemental Fig. 3B).
Remarkably, in the absence of tBID, a substantial amount of
BAK�C remained bound to CL-enriched MOM-like lipo-

somes, and in this case increasing the ionic strength of the
medium strongly decreased BAK�C:liposome association.
We next studied the oligomeric status of BAK�C by size-

exclusion chromatography assays on Superdex 200. All sam-
ples were treated with 2% (w/v) CHAPS to allow for mem-
brane solubilization. In this experimental setting, BAK�C
alone eluted close to its calculated monomeric mass (Fig. 2C

FIGURE 2. Implication of CL in tBID-triggered functional activation of
BAK. A, representative kinetics of ANTS/DPX release induced by BAK�C (200
nM) plus tBID (100 nM) in LUVs (100 �M) containing lipid mixtures at the indi-
cated the mol/mol ratios: 55PC/35PE/10PI (0CL Lipos.), 52PC/35PE/10PI/3CL
(3CL Lipos.), 42.5PC/35 PE/10PI/7.5CL (7.5CL Lipos.), 40PC/35PE/10PI/15CL
(15CL Lipos.), and 25PC/35PE/10PI/30CL (30CL Lipos.). B, lipid co-sedimenta-
tion assays are shown. BAK�C (200 nM) with or without tBID (100 nM) was
incubated for 20 min with freeze/thaw liposomes composed of 30BrPC/30PC/
30PE/10PI (0CL Lipos.) or 30BrPC/30PE/10PI/30CL (30CL Lipos.) followed by
sedimentation of the liposomes by low speed centrifugation, and immuno-
blot analysis of BAK�C contents in the liposome-containing (P) and liposome-
free (S) fractions using anti-BAK G23 polyclonal antibody is shown. Represen-
tative gels from at least three independent experiments are shown. No Lipos.
corresponds to samples where proteins were incubated without liposomes.
C, gel-filtration analysis of BAK�C on Superdex 200 is shown. The indicated
samples were treated with 2% CHAPS (w/v) applied to the column equili-
brated with KHE 	 2% CHAPS (w/v), and every second elution fraction was
analyzed by SDS/PAGE and immunoblotting using anti-BAK G23 polyclonal
antibody. Elution profiles of the molecular weight markers are indicated on
the top.
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and supplemental Fig. 2C). BAK�C elution profile did not
change when the protein was treated with tBID alone or in
combination with MOM-like LUVs lacking CL. However,
BAK�C incubation with tBID plus CL-enriched MOM-like
LUVs shifted the elution profile of themajority of the protein
to high molecular weight fractions, indicating that BAK�C
forms oligomeric complexes under these conditions as
observed during apoptosis with endogenous mitochondrial
BAK. Of note, no shift in BAK�C migration pattern was
observed when the protein was incubated with CL-enriched
liposomes in the absence of tBID.
To sumup, these findings led us to the following conclusions.

First, basic aspects of the BAK-driven MOM permeabilization
pathway can be reconstituted in vitro using purified recom-
binant BAK�C/tBID proteins and MOM-like liposomes
enriched in the mitochondrion-specific lipid CL. Second, in
thisminimalist reconstituted system, tBID-mediated activation
of BAK�C-permeabilizing function is correlated with mem-
brane insertion and oligomerization of BAK�C. Third, CL is
implicated not only in functional BAK�C activation by tBID
but also in an interaction of BAK�C itself with the membrane,
which is not followed by intramembranous oligomerization of
the protein and membrane damage.
BAK�CDirectly and Specifically Interacts withCLLeading to

aChange in BAK�CConformation—Nextwewished to explore
in more detail the mechanism underlying the interaction of
BAK�C itself with CL-enrichedMOM-like LUVs. In principle,
the effect of CL on BAK�C-LUV binding may arise from the
following changes induced by CL in bulk physical properties of
the liposomal membrane; (i) increased net negative electric
charge, (ii) generation of negativemembranemonolayer curva-
ture stress, or (iii) lateral segregation of membrane lipids into
domains (43). To try discriminating between these possibilities,
we probed for the impact of CL replacement by (i) two other
anionic lipids (PG, PI) while keeping the net charge of the ves-
icle equal to that existing in CL-containing liposomes, (ii) LCL,
which does not share with the parent lipid the potential to
adopt a negatively curved disposition (43), and (iii) mCL, which
unlike CL, segregated into distinct lipid domains in MOM-like
liposomes (27). Substituting PGor PI for CL diminished but did
not completely eliminate binding of BAK�C to the liposomes,
the reducing effect being more accentuated for PI than for PG
(Fig. 3A). Of note, PG is a precursor of CL, which shares defined
structural features with the parent molecule. These data imply
that a net negative charge alone is not the sole defining feature
that underlies BAK�Cbinding toCL-enrichedMOM-like lipo-
somes. On the other hand, the amount of BAK�C bound to
liposomes did not change substantially when LCL or mCL was
substituted for CL. Thus, the ability of CL to generate curvature
or to form segregated domains does not appear to be the under-
lying cause for BAK�C binding to CL-enriched MOM-like
liposomes.
The above results raised the possibility that BAK�C recog-

nizes CL through a direct interaction rather than via a bilayer-
mediated effect. To test this possibility, we performed a lipid
dot-blot overlay assay in which a wide variety of mammalian
zwitterionic and (poly)anionic phospholipids as well as other
lipid species were presented to BAK�C immobilized on top of a

nitrocellulose membrane rather than in the form of free-stand-
ing bilayer vesicles. Among all lipid species examined, BAK�C
only recognized CL with high affinity in the lipid overlay assay
(Fig. 3B). Nevertheless, similar to what is observed in liposome
binding experiments, BAK�C also recognized anionic phos-
pholipid species other than CL by lipid overlay assay, albeit
apparently with markedly lower affinity. To obtain more quan-
titative data on the relative affinity of BAK�C for different ani-
onic lipids, BAK�C lipid binding capacity was tested using
nitrocellulose blots on which representative anionic lipids were
spotted in increasing amounts. In this experimental setup, the
binding of BAK�Cwas �5- and �12-fold stronger for CL than
for PG and PI, respectively, whereas BAK�C did not bind
appreciably to PC (Fig. 3C and supplemental Table II).
As a further test of CL recognition by BAK�C, surface plas-

mon resonance (SPR) spectroscopy was used. To this aim, lipo-
somes containing increasing amounts of CL or PG were cap-
tured in the surface of the L1 sensor chip and used as ligands to
probe for BAK�C-membrane binding interactions in real time.
Representative SPR response curves (sensorgrams) are pre-
sented in Fig. 3D. The reported sensorgrams showed that
BAK�C binding toMOM-like LUVs lacking CL was negligible,
although increasing the concentration of CL progressively aug-
mented BAK�C binding to liposomes. BAK�C showed lower
binding responses with liposomes containing PG than with CL
even when the two anionic lipids were compared at the same
net charge density (Fig. 3D, inset). Unfortunately, kinetic rate
constants could not be obtained by fitting these sensorgrams to
a pseudo first-order binding model. There are precedents for
complex sensorgrams obtained in other toxin-membrane
interactions analyzed by SPR (44, 45). Irrespective of the origin
of the sensorgram complexity (46), the SPR results obtained for
BAK�C-membrane interactions qualitatively agree with lipid-
protein overlay and liposome association assays showing that
BAK�C recognizes CL directly and preferentially over other
anionic lipids.
We next investigated whether interaction with CL-enriched

MOM-like vesicles produces structural changes in BAK�C.
First, we examined BAK�C secondary structure utilizing
far-UV CD spectroscopy. As expected, the far-UV CD spec-
trumof BAK�C revealed absorptionminima at 208 and 222 nm
characteristic of predominantly �-helical proteins (Fig. 4A).
Upon incubationwith CL-enrichedMOM-like LUVs, the over-
all CD spectrum of BAK�C was essentially unchanged. To
explore whether interaction with CL-enriched membranes
produces changes on BAK�C tertiary structure, the conforma-
tional stability of the protein was analyzed by thermal denatur-
ation assays. BAK�Cunfoldingwasmonitored by the change in
ellipticity at 222 nm as a function of temperature (Fig. 4B). The
thermal unfolding curve of BAK�C in the absence of liposomes
showed an unfolding transition with partial loss of helicity
occurring between �60 and �75 °C, with the midpoint transi-
tion for the protein melting curve being 68.1 °C. Importantly,
when BAK�C was incubated with CL-enriched, but not CL-
lacking MOM-like LUV, the protein melting curve shifted
�6 °C toward lower temperatures (Fig. 4B). Thus, interaction
of BAK�C with CL-enriched MOM-like LUVs significantly
destabilizes the solution fold of the protein.
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FIGURE 3. BAK�C binds CL directly and preferentially over other anionic lipids. A, BAK�C was incubated with freeze/thaw liposomes composed of
30BrPC/30PE/10PI/30CL (CL), 30BrPC/10PI/60PG (PG), 30BrPC/70PI (PI), 30BrCL/30 PE/10 PI/30 (LCL), or 30 BrPC/30PE/10PI/30mCL (mCL) followed by sedimen-
tation of the liposomes by centrifugation and quantitative assessment of liposome-bound BAK�C fraction by immunoblotting and densitometry. Each bar
represents the average and S.E. of at least three independent experiments (except LCL, n � 2). B, BAK�C immunoreactivity is shown from a representative
protein:lipid dot-blot experiment in which BAK�C was overlaid onto commercially available nitrocellulose membranes spotted with some of the most
common glycerolipids and sphingolipids present in mammalian cells. TG, triacylglycerol; PIP, phosphatidylinositol phosphate; PIP2, phosphatidylinositol
bisphosphate; PIP3, phosphatidylinositol triphosphate; SM, sphingomyelin; SULF, sulfatide. PIP2-grip represents an internal control protein that binds PIP2 with
high affinity provided by the producer. C, quantitative data on BAK�C binding potency for different anionic lipids was determined using protein-lipid overlays
in which increasing amounts of indicated lipids were spotted on nitrocellulose. Integrated BAK�C immunoreactivity was measured at each spot and normal-
ized for each lipid, and the data were fitted with a sigmoidal dose-response nonlinear regression model. EC50 values for CL, PG, and PI were 411.3 
 51.2,
2232.6 
 87.0, and 5674.2 
 123.1 pmol, respectively. D, representative sensorgrams depict the interaction of BAK�C with LUVs containing the indicated lipids
immobilized on the surface of L1 sensor chip. Liposome lipid compositions were as follows: MOM, 55PC/35PE/10PI; 7.5CL, 47.5PC/35PE/10PI/7.5CL; 15CL,
40PC/35PE/10PI/15CL; 30CL, 25PC/35PE/10PI/25CL; 60CL, 20PC/10PE/10PI/60CL; 7.5PG, 47.5PC/35PE/10PI/7.5PG; 15PG, 40PC/35PE/10PI/15PG; 30PG, 25PC/
35PE/10PI/30PG; 60PG, 20PC/10PE/10PI/60PG. Inset, summary of association binding responses obtained in four independent SPR experiments corresponding
to BAK�C:15CL LUV and BAK�C:30PG LUV samples. RU, resonance units.
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Early steps in BAK activation during apoptosis have been
associated to conformational changes in the protein leading to
exposure of amino-terminal regions that are otherwise hidden
in the functionally inactive state of BAK (4, 13, 40, 47). How-
ever, exactly how this early conformational change in BAK is
triggered remains obscure. In cellular studies the redox catalyst
CuPhe has been successfully used to distinguish between inac-
tive and “partially activated” BAK conformers (13, 40). In the
inactive state of the protein, the proximity of amino-terminal
(Cys-14) and carboxyl-terminal (Cys-166) cysteines allows
intramolecular cross-linking of BAK by CuPhe. In contrast, in
the partially activated state, the amino-terminal loop (contain-
ing Cys-14) of BAK�C is disengaged from the rest of the pro-
tein, thereby abrogating intramolecular cross-linking of BAK
by CuPhe. Inactive and partially activated BAK�C conformers
can then be detected by non-reducing SDS-PAGE and immu-
noblot analysis due to the faster migration pattern exhibited by
intramolecular-cross-linked BAK�C species.

As shown in Fig. 4C, treatment of isolated BAK�C with
CuPhe in our reconstituted system generated a fastermigrating
form of the protein (Mx), consistent with the protein adopting
an intramolecular-cross-linked conformation as seen with

endogenous inactive BAK. Incubation of BAK�C with MOM-
like LUV lacking CL followed by CuPhe treatment did not pro-
duce substantial changes in BAK�C migration pattern.
Remarkably, however, when BAK�C was incubated with CL-
enriched MOM-like liposomes followed by treatment with
CuPhe, the majority of the Mx conformer was lost, suggesting
interaction with CL results in disengagement of BAK�C ami-
no-terminal loop from the rest of the protein. Thus, BAK�C
bound to CL-enriched MOM-like LUV resembles the partially
activated conformer detected in endogenous BAK early upon
apoptotic stimulation (40).
The conformation-specificmonoclonal antibodyAb-1 is also

a commonly used marker in cellular assays to detect early steps
in BAK activation pathway associated with exposure of a hid-
den epitope in its amino-terminal region (4, 47). Based on this
information, we decided next to examine the pattern of Ab-1
recognition by BAK�C in our reconstituted system. As seen
with “inactive” BAK in cellular extracts, BAK�Cdid not immu-
noprecipitatewithAb-1 in buffer containing themild detergent
CHAPS, but the protein could be artificially induced to adopt
the Ab-1-reactive conformation by incubation in buffer con-
taining Triton X-100 (Fig. 4D). However, when BAK�C was

FIGURE 4. Interaction with CL destabilizes BAK�C solution fold and exposes amino-terminal regions of the protein. A, the CD spectrum of BAK�C in the
absence (BAK�C) or presence of LUV composed of 25PC/35PE/10PI/30CL (BAK�C	30CL Lipos.) is shown. B, thermal denaturation curves for BAK�C incubated
in the absence of LUV (BAK�C) or in the presence of LUV composed of 55PC/35PE/10PI (BAK�C	0CL Lipos.) or 25PC/35PE/10PI/30CL (BAK�C	30CL Lipos.) is
shown. Thermal denaturation curves were obtained by recording the temperature dependence of BAK�C ellipticity at 222 nm. The molar ellipticity at 50 °C was
set to �1.0 to compare BAK�C thermal denaturation rates in the absence and presence of vesicles. BAK�C and LUV concentrations were 5 �M and 2 mM,
respectively. C, BAK�C (200 nM) was incubated in the absence of liposomes (No Lipos.) or with LUV of the indicated compositions (0CL Lipos. and 30CL Lipos.)
followed by treatment with CuPhe or with DMSO vehicle, SDS/PAGE under non-reducing conditions, and immunoblot analysis of BAK�C content using
anti-BAK G23 polyclonal antibody. The positions of monomeric BAK�C (M) and monomeric BAK�C harboring an intramolecular cross-link (Mx) are indicated.
D, shown is a Western blot of BAK�C immunoprecipitates (IP) after incubating the protein with 2% CHAPS (No Lipos., negative control) or with 0.2% TX-100 (No
Lipos.TX, positive control) or with LUV of the indicated lipid compositions plus 2% CHAPS. Samples were subjected to immunoprecipitation with conformation-
specific anti-BAK Ab-1 antibody conjugated to protein A-agarose beads followed by SDS-PAGE/immunoblot (IB) analysis using anti-BAK G23 antibody. Input
represents an equivalent amount of BAK�C loaded in each sample. Concentrations of BAK�C and LUV were 400 nM and 1 mM, respectively. E, quantitation of
BAK�C immunoreactivity to Ab-1 was assessed by immunoprecipitation and densitometric analysis of immunoblots obtained from three independent
experiments as described in panel D.

Lipid Modulation of BAK Function

MARCH 11, 2011 • VOLUME 286 • NUMBER 10 JOURNAL OF BIOLOGICAL CHEMISTRY 8221



incubated with CL-enriched MOM-like LUVs followed by
treatment with CHAPS, a substantial part of the protein immu-
noprecipitatedwithAb-1. Taking outCL from the lipidmixture
potently reduced (but did not completely eliminate) BAK�C
immunoreactivity toward Ab-1 (Fig. 4, D and E).
Altogether these collective results led us to the following

conclusions. First, BAK�C recognizes CL through a direct
interaction and with remarkable, albeit not absolute, specificity
relative to other anionic lipids. Second, interaction with CL
produces changes in the BAK�C amino terminus that are like
those observed in endogenousmitochondrial BAK early during
apoptosis.
tBID Induces a Conformational Change in BAK�C Distinct

from That Triggered by CL Alone—To further examine the
effect of CL on BAK�C structure and to try gainingmore infor-
mation on themechanismof functional BAK�Cactivation trig-
gered by tBID, we measured changes in the tryptophan emis-
sion spectrum of the protein in the absence or presence of
different lipid vesicles with or without tcBID, the carboxyl-ter-
minal active fragment of tBID that does not interfere with
BAK�C fluorescence spectrum because it does not contain any
tryptophan residues. In the absence of liposomes, the fluores-
cence emission of BAK�Cdisplayed amaximumvalue (�max) of
329 nm, consistent with x-ray crystallography data showing
that BAK�C tryptophan residues are substantially buried in the
interior of the soluble form of the protein (Fig. 5, A and B) (48).
The addition of CL-enriched MOM-like LUVs gave rise to a
small but reproducible change in BAK�C fluorescence spec-
trum consisting in am�3-nm red shift in �max accompanied by
an �20% reduction in protein fluorescence intensity, suggest-
ing under these conditions BAK�C tryptophan residues shifted
to amore polar environment relative to when the protein is free

in solution (Fig. 5B). In contrast, the BAK�C fluorescence spec-
trum remained virtually unaltered with MOM-like LUVs lack-
ing CL. These results provide further evidence that interaction
with CL produces a localized structural rearrangement in
BAK�C.
Interestingly, despite that cBID did not produce significant

changes in the fluorescence spectrum of BAK�C in solution or
in the presence of MOM-like LUVs lacking CL, incubation of
BAK�C/tcBID with CL-enriched vesicles led to an �65%
increase in BAK�C tryptophan fluorescence emission inten-
sity, whereas the �max for the fluorescence emission was shifted
�4 nm to the red (Fig. 5B). Therefore, tcBID changed the envi-
ronment sensed by BAK�C tryptophan residues in the pres-
ence of CL-enriched MOM-like LUVs. Although the origin of
the increased BAK�C intrinsic fluorescence could bemanifold,
one possibility is that tcBID induces insertion of BAK�C tryp-
tophan residues into the liposomal membrane.
Tomore closely examine the position of BAK�C tryptophan

residues in the membrane, we examined quenching of trypto-
phan fluorescence by nitroxide groups attached at different
positions along the phospholipid acyl chain (5-doxyl-PC,
10-doxyl-PC, and 16-doxyl PC). Upon incubating BAK�Cwith
CL-enriched MOM-like LUV alone, the extent of tryptophan
fluorescence quenching by nitroxide-labeled lipids was either
very small (5-doxyl-PC) or inexistent (10-doxyl-PC and
16-doxyl-PC) (Fig. 5C). On the other hand, when tested upon
incubation with MOM-like LUV plus tcBID, the extent of
BAK�C fluorescence quenching increased with the profile:
5-doxyl-PC � 10-doxyl-PC � 16-doxyl-PC. These results sug-
gest that in the absence of tcBID, BAK�C tryptophan residues
do not penetrate substantially into the acyl chain region of the
bilayer, whereas in the presence of tcBID, BAK�C tryptophan

FIGURE 5. Tryptophan fluorescence analysis of BAK�C conformation. A, shown is the crystal structure of BAK�C displaying the tryptophan residues that
serve as spectroscopic probes of protein conformational changes in the presence of liposomes. The molecule is colored to highlight the location of W125 in
helix 5 (green), W170 in helix 7 (red), and W175 in helix 8 (blue). B, shown are representative tryptophan fluorescence spectra of BAK�C incubated for 20 min (i)
in the absence of LUV (BAK�C), (ii) in the presence of 25PC/35PE/10PI/30CL LUV (BAK�C	30CL Lipos.), (iii) in the absence of LUV but with the carboxyl-terminal
fragment of caspase-8-cleaved BID (BAK�C	tcBID), or (iv) in the presence of tcBID and 25PC/35PE/10PI/30CL LUV (BAK�C	tcBID	30 CL Lipos.). BAK�C, tcBID,
and LUV concentrations were 0.4 �M, 200 nM, and 200 �M, respectively. a.u., arbitrary units. C, quenching of tryptophan fluorescence of BAK�C incubated with
or without tcBID in the presence of LUV containing nitroxide moieties located at different depths in the membrane bilayer is shown. Liposome lipid compo-
sition was 25doxylPC/35 PE/10PI/30CL. Data from fluorescence quenching experiments were normalized to the fluorescence emission from protein in 25PC/
35PE/10PI/30CL LUV, i.e. lacking nitroxylated lipids. Data represent the average and S.E. of 3– 4 independent experiments.
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residues adopt on the average a shallow disposition within the
hydrophobic core of the membrane.
Based on these data, we propose the following sequence of

events in the BAK�C-driven membrane permeabilization
pathway reconstituted in CL-enriched MOM-like liposomes.
First, direct interactions with CL lead to adsorption of BAK�C
onto the membrane surface accompanied by a localized struc-
tural rearrangement of the protein. Second, tBID triggers fur-
ther structural changes in this intermediate membrane-associ-
ated state of BAK�C, leading to penetration of distinct
segments of BAK�C into the lipid bilayer hydrophobic core,
assembly of BAK�C oligomers, and membrane poration.
An important question in the above-described hypothetical

scheme is exactly how the change in BAK�C conformation
produced by CL might be connected to activation of BAK�C
permeabilizing function by tBID. One attractive possibility is
that the change in BAK�C conformation triggered by CL is a
prerequisite for BAK�C-tBID interaction. Of note, a similar
but not identical mechanism was proposed previously for BAX
based on data gathered in a reconstituted systemalike ours (49).
Because structural studies identified a putative BH3 binding
groove in BAK�C that adopts an “occluded” configuration in
the soluble and functionally inactive form of the protein (48),
we reasoned that interaction with CL could “open” the BAK�C
groove to allow insertion of tBID BH3 domain therein. In fact,
the reduced potency of the tBID (93–96)A BH3 mutant for
activating BAK�C permeabilizing function is consistent with
this view (Fig. 1C). Arguing along these lines, synthetic peptides
representing the BID BH3 domain have been shown to repro-
duce tBID ability for activating BAX-permeabilizing function
both in isolatedmitochondria and in purified lipid vesicles (6, 9,
10, 29, 50). Thus, as ameans to further test the abovemodel, we
decided to examine the impact of peptides representing theBID
BH3 domain on BAK�C.
We began by performing fluorescence polarization studies to

analyze whether an FITC-conjugated 21-mer peptide encom-
passing the BH3 domain of BID (F-21BID BH3) can interact
with BAK�C in solution. As shown in Fig. 6A, no evidence for
F-21BID BH3 binding to BAK�Cwas found even at the highest
peptide concentrations tested (10 �M), whereas this peptide
bound BCL-XL�Cwith nanomolar affinity consistent with pre-
vious solution-based binding studies (50). Isothermal titration
calorimetry studies using an unconjugated 29-mer BID BH3
peptide corroborated that the isolated BID BH3 domain bound
BCL-XL�C with nanomolar affinity but had negligible affinity
for BAK�C at least up to midmicromolar concentrations (Fig.
6B and supplemental Table III). As explained above, these
results could be interpreted in light of the occluded BH3 bind-
ing groove present in the soluble form of BAK�C according to
x-ray crystallography (48).
Next, we testedwhether BIDBH3 peptides trigger functional

activation of BAK�C in the presence of CL-enriched MOM-
like liposomes. Contrary to such expectation, however, incuba-
tion of BAK�C with unconjugated 21- or 29-mer BID BH3
peptides did not produce the robust vesicular ANTS/DPX
release observed with tBID (Fig. 6C). Interestingly, 21- and
29-mer BID BH3 peptides successfully reversed the inhibition
exerted by BCL-XL�C on BAK�C-permeabilizing function,

indicating the peptides not only can bind to but can also func-
tionally inactivate BCL-XL�C (Fig. 6C). Thus, we concluded
that the BH3 domain of BID in isolation does not recapitulate the
ability of the entire tBID protein for activating the proapoptotic
function of BAK�C in our experimental setting.
A plausible explanation for these observations is that free

BID BH3 peptides do not exactly reproduce the structure
and/or orientation adopted by the BID BH3 domain in the con-
text of membrane-associated tBID, which is required for func-
tional activation of BAK�C.Alternatively, theremay bemore in
the mechanism of BAK�C activation by tBID than insertion of
BID BH3 domain into BAK�C groove. For example, the inter-
action site between tBID and BAK�C could include regions
other than the BID BH3 domain and the BAK�C grove, and/or
lipid-mediated protein-protein interactions could also play a
role in the process of functional BAK�C activation, as previ-
ously proposed for BAX (9, 18, 26, 27). Clearly, further investi-
gation is required to resolve this issue.
tBID-activated BAK�C Forms Pores That Grow in Size andAre

Susceptible to Modulation by Curvature-inducing Lipids—
The nature of the apoptotic pore formed by BAK is another
critical question under debate (1, 13–20, 27). Specifically, it is
unclear whether BAK forms large proteinaceous channels with
a fixed structure akin to certain pore-forming toxins orwhether
BAK forms structurally more dynamic pores composed at least
in part by lipid molecules (proteolipidic pores).
To improve our understanding of the mechanism of pore

formation by BAK, we first conducted electrophysiological
experiments with planar lipid BLMs. In a typical experiment,
soon after the addition of BAK�C and tBID to the aqueous
solution, bathing CL-containing BLM-increased ion conduc-
tance events were detected (Fig. 7A, left). We consistently
observed a lack of abrupt step-like fluctuations typical of ionic
channels. The predominant pattern was that of brief, irregular
current “spikes” in which amplitude increased with time until
the membrane ruptured within minutes after protein addition.
Lowering protein concentrations caused similar but delayed
electrical responses (data not shown). Consistent with results
obtained in liposome permeabilization studies, treatment of
BLMs with either BAK�C or tBID alone induced little (i.e. an
increase in membrane noise but without significant fluctua-
tions) if any electrical activity, and recordings could frequently
continue for 10s of minutes without rupture of the membrane
(Fig. 7, B and C, left). Also consistent with data gathered in
liposome experiments, adding BAK�C/tBID to BLMs in which
CL was substituted for PS while maintaining membrane net
electrical charge did not produce membrane conductance
changes leading to rapid membrane rupture (Fig. 7D, left). The
conductance events were further analyzed by the construction
of all-point histograms, which allows for a comparison among
different experiments. The consequent conductance showed a
wide distribution of amplitudes ranging over several hundreds
picosiemens (Fig. 7A, right).

The electrical response induced by tBID-activatedBAK�C in
BLM differs in two fundamental aspects from that typically
observed with toxins forming large proteinaceous channels,
exemplified by cholesterol binding pore-forming toxins. First,
when BLM are treated with toxins forming large proteinaceous
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channels, sudden conductance changes between relatively sta-
ble levels are detected that do not increase gradually with time,
resulting in a comparatively homogeneous distribution of large
conductance states (51, 52). Second, unlike the situation found
with tBID-activated BAK�C, nanomolar concentrations of
pore-forming toxins do not decrease BLM stability.

Next, we performed additional experiments to further examine
whether BAK�C forms pores of a discrete, large size, or alterna-
tively, pores whose diameters are continuously increasing. On the
one hand, we encapsulated fluorescent markers of different sizes
within the liposomes (ANTS,�0.4 kDa; FD, 20 kDa; FD, 250 kDa)
and examined marker release upon treatment of liposomes with

FIGURE 6. BID BH3 peptide neither interacts with BAK�C in solution nor reproduces tBID-mediated activation of BAK�C permeabilizing function.
A, fluorescence polarization analysis of 21-mer FITC-labeled BID BH3 peptide (21 F-BID BH3) binding to BCL-XL�C and BAK�C is shown. Various concentrations
of apoptotic proteins were incubated with 5 nM F-BID BH3 for 30 min followed by determination of fluorescence polarization. Data represent the mean (n � 3),
with S.E. � 15% in all cases. B, ITC analysis of 29-mer BID BH3 peptide binding to BCL-XL�C and BAK�C. C, CL-enriched MOM-like LUV containing ANTS/DPX
were treated for 20 min with the indicated protein/peptide combinations followed by determination of vesicular contents release. BAK�C and BCL-XL�C
concentration were 200 and 1000 nM, respectively. tBID concentrations were 20 and 1000 nM in BAK�C	tBID and BAK�C	tBID	BCLXL�C samples, respec-
tively. Data represent the mean values and S.E. of at 3–5 independent experiments.
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FIGURE 7. Electrophysiological analysis of BAK�C and tBID-mediated effect on planar BLMs. A–D, shown are representative current traces (shown as
conductance G � I/V), and all point histograms corresponding to all tracings were obtained from at least three independent recordings at the conditions
illustrated (left panels). The peak at �0 picosiemens (pS) represents the base-line conductance of the untreated BLMs. Black lines show Gaussian multi-pick fit
(Origin software, Microcal); p � 0.99 for all fits.
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low (1/2500), medium (1/500), and high (1/100) protein/lipid
molar ratios.On theotherhand,weusedcryo-EMinanattempt to
directlyvisualize themembranepermeabilitypathwayunder these
conditions. In addition, the effect exerted by tBID-activated
BAK�C on liposomes was compared in parallel with that of the
cholesterol bindingpore-forming toxin tetanolysinusing the same
experimental approach to assess the extent of similarity in their
mechanism of pore formation.
As shown in Fig. 8, A–C, LUVs treated with tetanolysin

exhibited ring-shaped structures in themembrane, the number

of which augmented progressively as the tetanolysin:lipid ratio
increased (white arrows). At each tetanolysin/lipid ratio exam-
ined, the three markers entrapped within LUV were released
practically to the same extent despite their largely different
sizes (Fig. 8,A–C, bar graphs below cryo-EM images). This set of
results is fully consistent with the notion that tetanolysin per-
meabilizes the membrane by forming large proteinaceous
channels of relatively uniform diameter.
The effect exerted by tBID-activated BAK�C in LUVs dif-

fered in several aspects from that observed with tetanolysin

FIGURE 8. tBID-activated BAK�C and tetanolysin-permeabilized LUVs via different mechanisms as assessed by cryo-EM and vesicular marker release
assays. A–C, top, typical cryo-EM images of 50PC/50CHOL LUV were treated with tetanolysin at the indicated protein/lipid ratios. White arrows indicate
ring-shaped structures corresponding to the oligomeric tetanolysin channel. The same scale indicated in the panel B was used in all images. Bottom, release of
liposome encapsulated fluorophores of various sizes was assessed by gel filtration chromatography on CL2B-Sepharose column under the conditions corre-
sponding to the images on the top. Data correspond to the mean and S.E. of 3 independent measurements (except protein/lipid 1:100 mol/mol, n � 2). Ai–Ci,
top, typical cryo-EM images of 25PC/35PE/10PI/30CL LUV treated with BAK�C plus tBID (1 �M) at the indicated BAK�C/lipid ratios. Black arrows indicate
LUV-containing distortions in the membrane. The same scale indicated in panel B was used in all images. Bottom, release of liposome encapsulated fluoro-
phores of various sizes was assessed by gel filtration chromatography on CL2B-Sepharose column under conditions corresponding to the images on the top.
Data correspond to the mean and S.E. of 3–5 independent samples. In all cases, liposome concentration was 1 mM.
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(Fig. 8,Ai–Ci). First, at a lowBAK�C/lipid ratio, the vastmajor-
ity of LUV did not show detectable pores in the membrane,
although a minor fraction of the liposomes exhibited apparent
membrane discontinuity in localized areas of high curvature
(Fig. 8Ai, black arrows). Under these conditions, LUV released
on average a substantial fraction of ANTS, although virtually all
FD-20 and FD-250 remained encapsulated within the vesicle
interior. At an intermediate BAK�C/lipidmolar ratio, the frac-
tion of liposomes showing high curvature areas in the mem-
brane increased (Fig. 8Bi, black arrows). At the same time, visu-
ally detectable pores of sizes as large as 10s of nanometers
appeared in some vesicles. Under these conditions, LUVs
released on average most ANTS and FD-20 but still retained a
substantial fraction of FD-250 encapsulated. Finally, at the
highest BAK�C/lipid molar ratio examined, the LUV popula-
tion was dominated by vesicles exhibiting large pores of differ-
ent sizes in the membrane (Fig. 8Ci and supplemental Fig. 3B).
Under these conditions, liposomes released the three fluores-
centmarkers nearly to completion.Of note, unlike the situation
found with tetanolysin, ring-shaped structures were never
observed in themembrane of LUVs treatedwith tBID-activated
BAK�C. Also, unlike tetanolysin, the pores created in the LUV
membrane by tBID-activated BAK�Cdid not exhibit a uniform
diameter (Fig. 8,Bi andCi and supplemental Fig. 3B). In control
experiments, no pores were distinguished in LUV treated with
BAK�C or tBID alone nor in liposomes lacking CL (supple-
mental Fig. 3, C–F).
In summary, results gathered in electrophysiological, cryo-

EM, and fluorescent marker release studies strongly argue
against the notion that tBID-activated BAK�C permeabilizes
the membrane by forming large proteinaceous channels of
fixed structure as seen with pore-forming toxins such as teta-
nolysin. On the other hand, the above results are consistent
with the hypothesis that BAK�C forms structurally dynamic
proteolipidic pores. We and others have previously proposed
the proteolipidic pore model to explain the permeabilizing
mechanism of different proteins/peptides, including BAX (14,
16, 18, 20, 52–58). Theoretical studies indicate that the energy
for proteolipidic pore formation/expansion depends critically
inmembranemonolayer intrinsic curvature, an elastic property
of the bilayer that in turn depends on its lipid composition (55,
59). Thus, to further test the validity of the proteolipidic pore
model for the case of BAK�C, we examined whether three dif-
ferent lipids known to change membrane monolayer intrinsic
curvature (LPC, DAG, and CHOL) (55, 59) affect BAK�C-per-
meabilizing activity in our reconstituted system.
Incorporation of LPC (10 mol%) with positive intrinsic cur-

vature inCL-enrichedMOM-like LUVs produced an�6.3-fold
decrease in the concentration of BAK�Crequired for half-max-
imal release of ANTS/DPX (EC50), whereas incorporation of
DAG (10 mol%) and CHOL (10 mol%) with negative intrinsic
curvature increased the EC50 value �8.2- and �1.6-fold for
BAK�C-induced vesicular content release (Fig. 9A). The effect
exerted by LPC and DAG on BAK�C-induced vesicular con-
tents release appeared specific as both lipids produced minor
changes in liposome permeabilization induced by tetanolysin
(supplemental Fig. 4A). Importantly, a linear correlation was
found between BAK�C-induced vesicular ANTS/DPX release

and the molar amount of LPC/DAG incorporated in the lipo-
somal membrane (Fig. 8B), in agreement with the known linear
dependence of monolayer intrinsic curvature on membrane
LPC/DAG molar content (55, 59). Therefore, a quantitative
relationship was established between BAK�C-induced vesicu-
lar contents release and membrane monolayer intrinsic curva-
ture. The dependence of BAK�C-permeabilizing activity on
CHOL concentration was more complex, suggesting CHOL
does not primarily inhibit BAK�C-induced vesicular contents
release via changes in membrane monolayer intrinsic curva-
ture, at least within the range of concentrations examined here.
Additional experiments were also performed to check

whether LPC and/orDAGaltersmembrane physical properties
other thanmonolayer intrinsic curvature when incorporated in
CL-enriched MOM-like LUVs. We found no evidence indicat-
ing that LPC and/or DAG induce lipid domains in the mem-
brane, alter global vesicle morphology, or modify liposome size
distribution (supplemental Fig. 4, B and C, and Table IV). A
final set of studies was conducted to examine whether changes
in BAK�Cmembrane association,membrane insertion, and/or
oligomerization could account for the modulation exerted by
LPC/DAGonBAK�C-induced vesicular ANTS release. Results
gathered in liposome sedimentation (Fig. 9C), doxyl-5-PC-me-
diated quenching (Fig. 9D), and size-exclusion chromatogra-
phy (Fig. 9E) assays did not support either of these alternative
possibilities. A cautionary note here is that these experiments
do not allow us to determine the degree of penetration into or
interaction within themembrane of specific BAK�C segments.
However, a priori there is no reason to expect that LPC/DAG
could modify these parameters in the quantitative manner cor-
relating with monolayer intrinsic curvature observed in exper-
iments of vesicular contents release, although we cannot
exclude a fortuitous coincidence. Thus, the simplest explana-
tion for the set of results obtained with LPC/DAG is that these
two curvature-inducing lipids modulate BAK�C-permeabiliz-
ing function by changing the energetic proclivity for proteolip-
idic pore formation.
Concluding Remarks—In this study we report a novel in vitro

reconstituted system that faithfully recapitulates the core fea-
tures of BAK proapoptotic function, consisting of recombinant
human BAK�C and tBID proteins in combination withMOM-
like vesicles enriched in CL. The results gatheredwith thismin-
imalist reconstituted system have several important mechanis-
tic implications for our understanding of BAK-driven MOMP
pathway.
First, the liposomal assays allowed us to explicitly test the

capacity of different putative BAK activators for triggering
BAK-permeabilizing function in the absence of other mito-
chondrial proteins. Among all agents examined, only tBID suf-
ficed to trigger BAK�C membrane insertion, oligomerization,
and pore formation inMOM-like LUV. Because the number of
putative BAK/BAX activators continues to expand, however, it
is likely that in addition to tBID, other functional activators of
BAK exist in the cell. Nevertheless, according to our results,
tBID unambiguously qualifies as a direct functional activator of
BAK, which still remains a major contentious issue in the field
(1–4). However, our studies do not exclude the possibility that
tBID also operates as an indirect activator of BAK via neutral-
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FIGURE 9. LPC and DAG modulate BAK�C-mediated LUV permeabilization. A, extents of vesicular ANTS/DPX release obtained upon incubation of increas-
ing concentrations of BAK�C plus tBID (100 nM) with CL-enriched MOM-like LUV of the following lipid compositions is shown: 25PC/35PE/30CL/10PI (30CL
Lipos.), 20PC/30PE/30CL/10PI/10LPC (	10LPC), 20PC/30PE/30CL/10PI/10DAG (	10DAG), and 20PC/30PE/30CL/10PI/20CHOL (	10CHOL). Experimental data
were fitted with a sigmoidal dose-response nonlinear regression model with Sigma Plot software to estimate the concentration of BAK�C where 50% of the
ANTS/DPX leaked out (EC50 values): Control LUV � 82.3 
 7.4 nM; 10LPC LUV � 14.8 
 2.4 nM; 20CHOL LUV � 174.4 
 23.9 nM; 10DAG LUV � 739.3 
 29.7 nM.
Data represent the mean values and S.E. from at least two independent experiments. B, dose dependence of the effect elicited by LPC, DAG, and CHOL on the
vesicular ANTS release induced by BAK�C plus tBID is shown. Continuous and dashed lines represent least-square linear fits to the plots of extents of vesicular
ANTS/DPX release versus molar percent of LPC (R2 � 0.97) and DAG (R2 � 0.95), respectively. Data represent the mean values and S.E. of 2–5 independent
experiments. C, BAK�C binding to liposomes of the indicated lipid composition assessed as explained in Fig. 2B is shown. S, supernatant; P, pellet. D, a
comparison of the effects exerted by LPC and DAG on BAK�C:liposome association in 500 mM KCl buffer and on the degree of quenching of BAK�C tryptophan
fluorescence intensity by 5-doxyl-PC is shown. Data represent the mean values and S.E. of at least two independent experiments. E, shown is the effect of LPC
and DAG on tBID-activated BAK�C oligomeric status assessed by gel filtration chromatography on Superdex 200 column as explained in Fig. 2C. BAK�C was
incubated with LUVs at protein:lipid ratios, indicated at the right of the immunoblots.
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ization of antiapoptotic BCL-2members (7), nor do we rule out
that under certain conditions BAK could be autoactivated
through homotypic BAK-BAK interactions.
Second, we obtained direct proof by cryo-EM that tBID-ac-

tivated BAK�C can puncture liposomemembranes by forming
pores of very large sizes (10s of nanometers in diameter). Anal-
ogous results have been previously obtained by others regard-
ing tBID-activatedBAX (20, 31). Although the precise structure
of the apoptotic pore formed by BAK/BAX still needs to be
determined, our studies provide quite compelling evidence that
BAK does not operate by forming large channels with a fixed
structure, as in the case of tetanolysin and related pore-forming
toxins. Rather, our results suggest that BAK permeabilizes
membranes by forming structurally dynamic proteolipidic
pores that change in size depending on environmental condi-
tions. Conceivably, this feature of the BAKpore could also be of
importance in regulating the release of differently sized apo-
ptogenic proteins from mitochondria. It remains to be deter-
mined, however, whether BAK forms pores at the MOM level
exactly as described in our reconstituted system.
An additional important contribution of our investigations is

the identification of two different potential roles played by
selectedmitochondrial lipids along the BAK�C-drivenMOMP
pathway. On the one hand, we found that BAK�C directly
interacts with CL, leading to a rearrangement of the protein
at the N terminus that resembles a conformational change
observed with endogenous mitochondrial BAK early during
apoptosis (4, 13, 47). The structural basis for the specific recog-
nition of CL by BAK remains to be elucidated, as does the exact
functional consequence of CL-induced BAK conformational
change. This is the subject of ongoing work. Nevertheless, our
results are compatible with a model wherein CL acts as an ini-
tiator of the molecular pathway for BAK activation by “prim-
ing” BAK for effective collaboration with downstream partners
such as tBID. A corollary of this speculative line of reasoning is
that BAK may be kept inactive at the MOM until a sufficient
amount of CL accumulates in its vicinity. In the context of such
a model, an important question that still remains open is how
CL (and related lipids) is redistributed within MOM during
apoptosis (60–62).
Outside the interaction of BAK�C with CL, we obtained

diverse lines of evidence indicating that LPCs and DAGs mod-
ulate the BAK�C-driven membrane permeabilization process
at the stage of pore formation by changing membrane mono-
layer intrinsic curvature. These results are consistent with (but
do not prove) the notion that BAK permeabilizes membranes
by forming proteolipidic pores, a model that has been previ-
ously invoked to explain the permeabilizing activity of BAX,
certain pore-forming toxins, and a large variety of antimicrobial
peptides (14, 16, 18, 20, 52–58). Considering that not only CL,
but also LPC and DAG are present in mitochondrial mem-
branes at degrees that can change before or concomitantly with
the onset ofMOMP (62–64), it is tempting to speculate that the
modulatory role exerted by LPC and DAG on BAK�C-medi-
ated liposome permeabilizationmay also be relevant in the case
of endogenous BAK under certain apoptotic settings. The cur-
rent reconstitution systemwill provide an invaluable aid to fur-
ther advance in our knowledge of the mechanisms by which

different mitochondrial factors participate in proapoptotic
BAK action and may also serve as a convenient platform with
which to identify and evaluate compounds of potential thera-
peutic use targeting the BAK-driven MOMP pathway.
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Basañez, G., Meda, P., and Martinou, J. C. (2010) Cell 142, 889–901
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