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Abstract
The importance of BCL-2–family proteins in the control of cell death has been clearly established. One
of the key members of this family, BAX, has soluble, membrane bound and membrane integrated forms
that are central to the regulation of apoptosis. Using purified monomeric human BAX, defined
liposomes and isolated human mitochondria we have characterized the soluble to membrane
transition and pore formation by this protein. For the purified protein, activation but not
oligomerization, is required for membrane binding. The transition to the membrane environment
includes a binding step that is reversible and distinct from the membrane integration step.
Oligomerization and pore activation occur after the membrane integration. In cells, BAX targets several
intracellular membranes, but notably does not target the plasma membrane while initiating apoptosis.
When cholesterol was added to either the liposome bilayer or mitochondrial membranes we observed
increased binding but markedly reduced integration of BAX into both membranes. This cholesterol
inhibition of membrane integration accounts for the reduction of BAX pore activation in liposomes and
mitochondrial membranes. Our results indicate that the presence of cholesterol in membranes inhibits
the pore forming activity of BAX by reducing the ability of BAX to transition from a membrane associated
to a membrane integral protein.

Introduction
Genetically programmed apoptotic cell death occurs in all multicellular organisms [1]. Control
of the death decision prominently involves a three part regulatory ensemble of proteins, the
BCL-2–family [2]. Twenty-five genes comprise this family and they generate three functional
classes of proteins: pro-apoptotic and anti-apoptotic actors with a supporting cast of BH3-only
proteins that modulate their interaction [3,4]. To function as the apoptotic decision agent these
proteins collaborate to form a gateway, “pore”, in the outer mitochondrial membrane (OMM)
[5,6,7]. The formation of this pore requires the availability of active and uninhibited BAK or
BAX in the outer mitochondrial membrane [8]. BAX and many of the other proteins are soluble and
move to the mitochondrial outer membrane in concert with the death signaling [9,10]. Others
have demonstrated the formation of BAX homo-oligomers in mitochondria and inferred a
correlation with a mortality decision in the OMM [11,12,13,14]. However, the nature of the
BCL-2–family protein interactions while in membranes is not clear. Furthermore the molecular
events and environmental conditions that trigger BAX transformation to an active state have
remained elusive. Recent studies have indicated that suppression of BAX inhibition is critical in
the mortality decision
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[15,16,17]. While it is possible that negative regulation is a dominant theme in apoptosis this
gives no explanation of the mechanism by which BAX becomes situated in the outer
mitochondrial membranes and is availed of the negative regulation. Furthermore if the
regulation is entirely negative by anti-apoptotic BCL-2–family members in the OMM then the
escape of the remaining and vastly larger membrane surface of the cell from BAX predation is a
mystery.

Both pore forming and regulatory interactions of BCL-2–family proteins occur at the
mitochondrial outer membrane. Previously we have shown that one pro-apoptotic protein,
genetically engineered active BAX (BAX(ΔC19)), can form large pores in planar lipid bilayers
[18]. Subsequently we characterized these pores in defined liposomes as consisting of dimers
and tetramers of BAX(ΔC19). The tetrameric pore was able to accommodate cytochrome c for
release from the liposome [19]. From the kinetics of pore activation upon addition of soluble
monomeric BAX(ΔC19) we concluded that the oligomerization into pores occurred after
membrane insertion and postulated that it would be dependent upon the membrane
environment. Therefore we have undertaken studies to explore the role of membrane lipids on
BCL-2–family protein pore activation.

In these studies we have determined the BAX(ΔC19) pore activation in the presence of cholesterol
and the enantiomer of cholesterol[20]. Cholesterol is necessary for membrane function in
eukaryotic cells but the chemical and physical basis for the cholesterol requirement remains
unclear [21]. Cholesterol is synthesized in the endoplasmic reticulum and is internalized with
the plasma membrane and by receptor–mediated endocytosis. From both the endoplasmic
reticulum and the late endosomal pathway cholesterol enters other compartments of the cell
[22]. In steroidogenic tissues, eg. adrenal and placenta, hormone production is initiated by side
chain cleavage in the mitochondrial matrix [23,24]. In other cells mitochondrial cholesterol
oxidation occurs at lower rates but can become pathogenic when the cells are cholesterol
overloaded [25]. When cholesterol is taken up by mitochondria it first resides in the outer
mitochondrial membrane and is then transfered through the contact sites using the peripheral
benzodiazepine receptor to the matrix for oxidation [26,27]. It has been suggested that
movement of cholesterol from the OMM to IMM, where oxidation occurs, is facilitated by a
cholesterol recognition/interaction amino acid consensus (CRAC) motif that is observed in the
peripheral benzodiazepine receptor [28]. In mammalian cells the plasma membrane has the
highest cholesterol content but significant cholesterol, oxysterols and bile acids are found in
the mitochondria because of the matrix oxidative production of these steroids [29,30].
Cholesterol has been reported to be elevated in cultured tumor cells [31,32]. Recently bilayer
cholesterol content has been shown to influence BAX oligomerization and trypsin resistance in
liposomes and mitochondria [33]. Others have reported complex relationships among lipids,
cholesterol, BAX and permeability transition pore activation [34]. These observations have been
used to explain the effects of cholesterol upon cellular apoptosis. We have studied the effect
of cholesterol on BAX pore formation in liposomes and mitochondria and conclude that the
cholesterol content of the plasma membrane protects it from the pore formation when BAX is
activated. In particular the addition of cholesterol to the outer membrane of mitochondria
inhibits pore formation by BAX. We discuss the mechanism of cholesterol inhibition of BAX pore
activation in terms of membrane binding and integration and speculate on how this might
influence apoptosis in mammalian cells.1

1Abbreviations: TMPD, N,N,N′,N′-tetramethyl-p-phenylenediamine; natcholesterol-natural enantiomer of cholesterol; entcholesterol-
the full enantiomer of cholesterol; DOPC, dioleoylphosphatidylcholine; DOPA, dioleoylphosphatidic acid; OMM, Outer Mitochondrial
Membrane; IMM, Inner Mitochondrial Membrane; CF, Carboxyfluorescein.
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Results
Although the BCL-2–family proteins are clearly the arbiters of a mortality decision; the
biochemical steps which conclude in the mitochondrial death decision are not yet clear. We
have pursued a reconstitution methodology to study these phenomena in order to clearly define
the biochemical and biophysical processes in the reaction steps leading to the initiation of
apoptosis. Initially these studies revealed that a genetically engineered form of active BAX, BAX

(ΔC19), could form a cytochrome c competent pore in liposomes [19]. Hill analysis revealed
that in liposomes active BAX(ΔC19) inserted into the membrane as a monomer, formed a
functioning pore as a dimer and displayed a concentration dependent progression to a tetramer
complex that transferred cytochrome c out of the liposomes. We are revisiting this method of
analysis in order to study the effects of lipid environment on BAX membrane integration and
pore formation.

Human BAX Expression, Purification and Studies of Pore Activation
Native BAX in mammalian cells is a soluble protein that must be activated to induce apoptosis
[3,35]. This protein can be activated in vitro in several ways. In this study we have used a
genetically engineered form of active human BAX, BAX(ΔC19), which has a portion of the α-helix
9 removed. In 0.1% n-octylglucoside this form of human BAX(ΔC19) is monomeric with a
molecular weight of 19,000±1200 as determined by dynamic light scattering and by SDS
PAGE, Figure 1A. In these studies we used the human BAX(ΔC19) because we would employ
human mitochondria to study pore formation in these organelles. The pore activation and
stoichiometry of human BAX(ΔC19) have not previously been reported. The human and mouse
BAX proteins are very similar in sequence but arginine-64 in the critical BH3 region is replaced
with a lysine. In addition there is a rearrangement of the prolines adjacent to the first α-helix
(residues 46–53). Proteolytic cleavage and phosphorylation in this region of BAX influences the
mitochondrial translocation and pore formation [36,37]. We concluded that confirmation of a
similar mechanism of pore formation by the human protein was warranted. Using liposomes
loaded with carboxyfluorescein (CF) at quenching concentrations we studied the activation of
pores by human BAX(ΔC19), Figure 1B. The time series data normalized to the total dequenching
for each preparation of liposomes is an exponential release. This is consistent with a single
pore producing full dequenching from a liposome and the exponential time course representing
pore activation in the liposomes. The measured time constants were used in a Hill analysis of
the human BAX(ΔC19) pore activation, Figure 1C. The concentration dependence of human BAX

(ΔC19) activation in liposomes indicates a pore activation stoichiometry of 2 and 4, similar to
the previously published model for the murine protein[19].

A Mitochondrial Preparation for the Study of OMM Permeability
The permeability of the outer mitochondrial membrane is a key factor in the apoptosis death
decision [38]. These studies have used HeLa cell mitochondria and human BAX protein. We have
adapted the fusion of liposomes with purified mitochondria to create a preparation for the study
of OMM permeability [39,40]. The un–fused liposomes were removed by low speed pelleting
of the resulting mitochondria. The fused mitochondria (fM) have a normal double–membrane
morphology, Figure 2A. The captured CF produced photo-conversion of diaminobenzidine
and electron dense deposition in the intermembrane space, Figure 2Aphoto–converted.
Carboxyfluorescein containing mitochondria and liposomes were identified by this method but
the insoluble photo-conversion product obscures the membranes [41,42].

Cytochrome c dependent oxygen consumption can be used to evaluate the continuity of the
OMM [43]. When our preparation was studied using a Clark electrode to determine site IV
dependent oxygen consumption in the presence of saturating substrate and oxygen they
consumed 43.1±0.4 nAtom mg−1min−1 which is similar to rat liver mitochondria (48.5±0.4
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nAtom mg−1min−1) but less than skeletal muscle or kidney mitochondria [44]. This rate of
oxygen uptake suggests that in the preparation the OMM is intact and cytochrome c is retained
within the intermembrane space. Using the membrane active peptide melittin we interrupted
the uptake of oxygen by the mitochondria as shown in Figure 2B. This reduction is reversed
by the addition of 100 µM horse cytochrome c to the electrode chamber. The oxygen
consumption in these preparations is dependent upon ADP, phosphate and is sensitive to azide.
We conclude that our isolated mitochondria have an intact OMM and that cytochrome c is
retained during the isolation procedure.

Ca2+–dependence of fM permeability—The fM preparation was performed in media
containing EGTA so that Ca2+ concentration is less than 10 nM. At this low calcium the CF
is retained within the OMM barrier. Increasing the media calcium to 100 or 200 µM initiated
rapid dequenching of the CF from the intermembrane space, Figure 2C. Dequenching is
normalized to the maximum dequenching produced by 1 % Triton X–100. The dequenching
is rapid and dependent upon calcium concentration and is consistent with activation of the
voltage-dependent anion–selective (VDAC) channel of the OMM [45].

Presence of porin-like channel activity in the mitochondrial preparation—The
release of anionic CF by Ca2+ elevation suggests that VDAC is present but in a low conductance
state in our fM preparation [45]. We have directly assessed the channel activity of the fM in
planar lipid bilayers. Using our preparation of mitochondria that was post–liposome fusion we
allowed these to interact with a planar lipid bilayer. After addition of the fM to the cis bilayer
chamber fusion transients were observed within 5 minutes of continuous stirring. After fusions
had occurred the resulting bilayer currents were studied using a ±60 mV voltage ramp or by
voltage steps under voltage clamp, Figure 3A & B. The ramp current pattern was typical of
many studies of VDAC currents in mitochondrial membrane preparations or reconstituted
VDAC protein [46,47]. The conductance of these currents was decreased when the Ca2+ was
reduced with EGTA, consistent with the reported calcium dependent shift of VDAC to a low
conductance channel [45,48], Figure 3C. The fM currents also displayed voltage dependent
inactivation as described for the VDAC channels [49].

BAX(ΔC19) Pore Activation in the Outer Mitochondrial Membrane
Isolated mitochondria used in these studies were loaded with carboxyfluorescein by pH-
dependent fusion of liposomes with the OMM as described in Methods. This fusion mediated
transfer effectively loads the mitochondria inter–membrane space with carboxyfluorescein,
but at reduced concentration from that present in the liposomes. Therefore the dequenching
response of the mitochondria per mole of lipid is less than that of the primary liposomes.
Consequently, in the assay of BAX pore activation using the fM we have increased the
concentration of mitochondria lipid to 4.3 µM, which compensated for the reduced
dequenching from the fM preparation. The application of BAX(ΔC19) to this mitochondrial
preparation produces a rapid time course of carboxyfluorescein dequenching. As shown in
Figure 4A the kinetics and concentration dependence of BAX(ΔC19)-initiated dequenching from
mitochondria is qualitatively consistent with that observed in defined liposomes. There is a
distinct difference between specific activity of BAX(ΔC19) pore formation in mitochondria and
liposomes. The higher activity of BAX in liposomes can be compensated by correcting for the
difference in lipid content in the assay, Figure 4B. After this adjustment of the rate of pore
activation for the increased lipid in the mitochondrial assay the Hill analysis for pore formation
in mitochondria closely resembles what we have observed in liposomes, Figure 4C. Because
of the additional lipid in the mitochondrial assay the lowest BAX(ΔC19) concentrations (≈1 nM)
do not generate sufficient activity for accurate analysis.
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Effect of Cholesterol on BAX Pore Activation in Defined Liposomes
BAX is found in the cytosol of most eukaryotic cells but when activated in response to pro-
apoptotic stimuli it becomes integrated into the mitochondrial outer membrane and the
endoplasmic reticulum [50]. Because the membranes in which BAX integrates in vivo have less
cholesterol than the plasma membrane, we have studied the effect of this sterol on interaction
of BAX with membranes.

Cholesterol containing liposomes were prepared and characterized as described in the Methods.
The final cholesterol concentration in the liposomes was 20 mol% and the size of the liposomes
was verified by dynamic light scattering. The effect of the cholesterol was to dramatically
decrease the BAX(ΔC19) pore activation, Figures 5A & B. As a consequence the τ (time
constants) were large as was the error in their determination. From this data we could analyze
the Hill plot but not the pore size. Here we have succeeded in extending the Hill analysis to
low enough BAX concentrations that we can discern the curvature in spite of the greater error in
the measurements of the time constant. When we plot the time constants the effect of cholesterol
is dramatic and increases at lower BAX concentrations, Figure 5C.

The sterol mediated inhibition of BAX(ΔC19) pore formation could be due to a direct and stereo-
specific interaction between steroids and the BAX protein. To test this we prepared liposomes
using the enantiomer of cholesterol. This analog of cholesterol has the configuration inverted
at each asymmetric site in the cholesterol molecule [20]. This compound was the generous gift
of Dr. D. Covey of the Department of Developmental Biology, Washington University School
of Medicine. The comparison of pore activation in liposomes containing nat-cholesterol or
ent-cholesterol indicates that the enantiomer is as effective as the natural compound at the
inhibition of BAX pore activation, Figure 5D. This suggested that the effect resulted primarily
from cholesterols condensing and other effects upon the lipid membrane environment and not
a stereo–specific interaction with BAX [51,52,53].

Effect of Cholesterol on BAX Pore Activation in Mitochondria
The inhibition of BAX(ΔC19) pore activation by the inclusion of cholesterol in the liposome
membrane composition is dramatic. The simple composition of our liposomes might contribute
to this inhibition and generate an artificially large inhibition that will not be seen in a more
complicated membrane. We wanted to test the effect of cholesterol in a physiologic membrane
in which we could alter the composition in a known fashion. Our fM mitochondria fulfilled
these requirements. The native mitochondria supported BAX(ΔC19) pore formation well and by
fusing them with DOPC/DOPA/C liposomes we could increase the cholesterol content of the
OMM to at least 16 mol% during the fusion step. It has previously been shown that the
cholesterol of the OMM is slowly metabolized in isolated mitochondria indicating that the
elevated cholesterol was maintained during our experiments [23]. The addition of cholesterol
to OMM produced a substantial inhibition of the pore activation, Figure 6. However, this
reduced the BAX(ΔC19) activity to such an extent that it was not possible for us to characterize
the effects on oligomerization and pore size.

BAX Interaction with Liposome Membranes
BAX pore formation requires the translocation of the soluble BAX protein to a bilayer membrane.
This step is critical in vivo and is thought to be a consequence of BAX activation in cells [36,
54,55]. The mechanism of the membrane translocation of BAX must progress along a binding
followed by integration model [56]. The progress of translocation will be influenced by
contributions from both the protein structure and the membrane environment. The interaction
of BAX with membranes can be clearly shown in a defined liposome experimental system, Figure
5E. Furthermore, the effect of cholesterol appears to be a reduction of membrane incorporated
BAX protein. We have extended the use of defined liposomes to the study of BAX membrane
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translocation by employing surface plasmon resonance. In this approach defined liposomes
were supported at the sensor surface using the hydrophobic chips (L1) from the Biacore
Corporation[57]. Using these immobilized liposomes it was possible to study the interaction
of BAX(ΔC19) with the liposome bilayer membrane in concentration and time dependent
experiments.

For three preparations of activated BAX(ΔC19) the concentration dependence and time course
of binding and membrane integration were determined and averaged, Figure 7A. The
membrane associated BAX populations were characterized as total binding to supported liposome
membranes at the end of the injection period (60 seconds) and the mean stable bound protein
after an extended wash period (300—350 seconds). These populations were determined and
are plotted in Figure 7B as the average of the individual trials along with the fitted lines. The
total BAX membrane binding at 60 seconds was tested against one and two–state interaction
models. A Chi-squared analysis indicated a two–state model to be preferable with residuals
reduced 10-fold. The resulting high and low affinity estimates for membrane binding are listed
in Table 1. The concentration dependence of BAX integration into the liposome membrane was
clearly dominated by a single interaction and the results of that analysis are also presented in
Table 1. From this analysis of the binding and integration curves the size of the membrane
populations of BAX were estimated and are presented as mole fractions to correct for small
changes in liposome immobilization on the Biacore chip. Inspection of these fitted results for
membrane association reveals three populations of membrane associated BAX. High and low
affinity populations that rapidly dissociate, and the membrane integrated fraction which is
slowly dissociating. The ratio of total membrane bound to integrated BAX increases at low BAX

concentrations and then begins to fall as membrane capacity becomes saturated Figure 7C.

Bax Interaction with Liposome Membranes Containing Cholesterol
In cells, BAX pores are described in the OMM but pores in other membranes have not been noted.
Specifically, pores in the plasma membrane produce osmotic lysis and necrosis [58,59]. The
osmotic lysis of cells would be inconsistent with the apoptotic program of cells and the
molecular basis for this membrane selectivity is important to explaining the physiology of cell
death. One of the distinctions between intracellular membranes and the plasma membrane is
the high cholesterol composition of the plasma membrane in most cells. Using cholesterol–
containing liposomes and mitochondria we and others observed reduced BAX pore activation
[33]. In the preceding section we have shown that BAX(ΔC19) interaction with membranes
involves a rapid but reversible binding to the membrane followed by integration into the
membrane, resulting in a very slow dissociation of the integrated protein population from the
bilayer. Using surface plasmon resonance the effect of cholesterol on the liposome binding and
integration of BAX was investigated.

The cholesterol containing liposomes loaded onto the L1 chip similarly to the DOPC:DOPA
liposomes and blocked albumin access to the chip surface (see Methods). The interaction of
human BAX(ΔC19) with liposome membranes containing cholesterol is shown in Figure 8. As
with the DOPC:DOPA liposomes detergent activation of human BAX(ΔC19) was required for
significant interaction with the cholesterol containing membranes. For three preparations of
activated BAX(ΔC19) the concentration dependence of binding and membrane integration were
determined and averaged, Figure 8A. Visual inspection of BAX(ΔC19) interaction with
DOPC:DOPA:C liposomes indicated that it was distinct from the BAX(ΔC19) interaction with
DOPC:DOPA liposomes. The initial membrane association was still rapid and larger for the
cholesterol containing membranes. Paradoxically from this larger pool of membrane associated
BAX the membrane integration was reduced, Figure 8B. Analysis of the concentration dependent
membrane association once again demonstrated both low and high affinity binding populations
as shown in Table 1. The binding pools were approximately 60% larger than in the
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DOPC:DOPA liposomes. In spite of this, the integrated fraction was significantly reduced and
reached a maximum value that was 58% of that seen in the liposomes without cholesterol. In
addition, the ratio of membrane integrated to membrane associated BAX demonstrated a very
distinct concentration dependence in that there was no increase of the integrated fraction at
low concentrations of added BAX, Figure 8C.

Discussion
Because BCL-2–family proteins are central arbiters of the mitochondrial mortality decision [3],
we have undertaken a detailed analysis of their biochemical activities. Although twenty-five
genes comprise this family and they generate both pro- and anti-apoptotic proteins [8],
apoptosis regulation centers on the activation of a “pore” in the mitochondrial outer membrane
by BAX and BAK [60]. We have taken the view that by studying this pore activation in detail it will
become possible to clarify the influences of the regulatory BCL-2– family members. Therefore,
we have compared BAX pore activation in liposomes with that activity in mitochondria. Our
reconstitution approach permitted a detailed study of the stages of BAX membrane translocation
using surface plasmon resonance. This analysis was applied to the mechanism of cholesterol
inhibition of BAX pore activation.

A Mitochondrial Preparation for the Study of BAX(ΔC19) Pore Activation
The in vivo death decision polling occurs in the outer mitochondrial membrane (OMM) which
has a complex composition of protein and lipid. We have developed a mitochondrial
preparation in which to study the translocation and pore forming activity of BAX protein. Photo-
conversion of the carboxyfluorescein produced deposition of an electron dense polymeric
product in the intermembrane space representing the localization of the carboxyfluorescein
between the inner and outer mitochondrial membrane [61]. We conclude that the fM
preparation is an intact double membrane mitochondrion having an OMM that provides a
diffusion barrier similar to that described for native mitochondria [62,39,63].

BAX(ΔC19) Pore Activation in the Outer Mitochondrial Membrane
Our mitochondrial preparation, fM, satisfied morphologic, metabolic and OMM functional
criteria to be a useful preparation for the study of BAX pore forming activity. By using the fM
preparation we are able to study the activation of human BAX(ΔC19) in some detail. The pore
activation rate and kinetics in mitochondrial and liposome BAX(ΔC19) activity are comparable
as shown in Figure 4C. The activation of this pore is proposed to be a critical decision point
in cell death with the OMM forming the environment for the BCL-2–family proteins to negotiate
this decision [3, 64, 8]. Using fM a strong correlation with the pores that we have characterized
in defined liposomes is apparent. The specific activity of the purified pore forming protein is
very similar once the necessary correction of the lipid concentration in our assays is considered.
Our Hill analysis suggests that the added BAX undergoes a two stage oligomerization in the
membrane that is consistent with our studies in defined liposomes. This comparison suggests
that the BAX forms a dimer and tetramer pore in the OMM, a model that is consistent with
chemical cross-linking of BAX in the OMM [65, 12].

Effect of Cholesterol on BAX Pore Activation in Defined Liposomes and Mitochondria
Cholesterol is an important component of eukaryotic membranes, having many effects upon
membrane characteristics and the activity of membrane components. In beginning these studies
we were attracted by the possibility that the difference in cholesterol content between the
plasma membrane and the OMM was an important factor in directing the formation of BAX

(ΔC19) pores. Our data and the data of others support this conclusion [33]. Adding cholesterol
(≈20 mol%) to liposomes and the OMM significantly inhibits BAX(ΔC19) pore formation. This
is more cholesterol than the concentrations reported to be present in the OMM and less than
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the cholesterol content of the plasma membranes [31,23,66,67]. There-fore, we conclude that
the sterol concentrations of defined liposome membranes can play a role in regulating the pore
formation by BAX. To verify that cholesterol was effective in a complex lipid environment we
used liposomes to adjust the cholesterol content of the mitochondrial outer membrane. Direct
analysis of the cholesterol content of the fM indicate that the incorporation was successful and
produced a cholesterol concentration of ≈20 mol%. Although cholesterol side chain oxidation
can be brisk in isolated mitochondria, this occurs in the inner membrane, whereas outer
membrane cholesterol is quite stable and not oxidized in the isolated organelle[23]. Therefore,
our experiments show that the incorporation of exogenous cholesterol into the OMM reduced
BAX(ΔC19) pore formation substantially compared with mitochondria fused with liposomes
containing only phospholipids. This observation that the cholesterol effect was similar in the
simple liposome and the complex mitochondrial membrane environment seems to favor a direct
interaction between the sterol and the BAX protein. Direct interactions are also suggested by the
putative cholesterol recognition/interaction motif in α-helix 5 (at positions 113–120)[68,28].
However, in both liposomes and mitochondria the ent-cholesterol was as effective as the natural
compound in reducing BAX pore formation, strongly indicating that cholesterol exerts its effect
by influencing the lipid environment and having secondary effects upon BAX pore formation
[20,69]. In addition, the reduced pore activation by ent-cholesterol at high BAX concentrations
in both liposomes and mitochondria may reflect chiral sterol–phospholipid interactions that
are reported for the ent-cholesterol in phospholipid mono-layers [70].

We conclude that cholesterol could have a significant effect on the mortality decision in cells
that are overloaded with this steroid. Mitochondrial cholesterol overload has rarely been
studied but has been observed in tumor cell lines [32,71,72] and in cultured cells where
mitochondrial cholesterol has been increased pharmacologically [33]. Likewise, cholesterol
depletion is reported to enhance apoptosis in statin treatment [73]. However, the mitochondrial
membrane environment is complex and steroid oxidation an active process in these organelles
[23,24]. Therefore, when multiple membrane parameters are changed decreased permeability
transition pore activation has also been reported [34]. Our studies have focused on cholesterol
in a controlled experimental situation to understand the mechanism by which cholesterol
inhibits BAX pore activation.

The Interaction of BAX(ΔC19) with Liposomes Studied by Surface Plasmon Resonance
In order to address the mechanism of cholesterol inhibition of BAX pore activation we have used
surface plasmon resonance to compare the interaction of BAX(ΔC19) with immobilized
liposomes (±cholesterol). Surface plasmon resonance has been applied to the study of
membrane binding and integration of a number of pore forming proteins and peptides [74,75,
76,77,78]. We have used the attached liposome configuration to quantitatively study the rapid
binding of soluble BAX(ΔC19) and concentration dependent membrane integration of the
membrane–bound protein. The data in Figure 7 clearly demonstrate that the membrane binding
of BAX(ΔC19) is completely dependent upon detergent activation of the purified protein. The
maximum response to non-activated BAX(ΔC19) was ≈5 RU which is consistent with the
predicted response from the mass of non-associated protein (3.3 µM BAX(ΔC19)) injected over
the supported liposomes. Therefore, essentially no membrane association occurs by the non-
activated BAX protein. In cells BAX also does not associate with the mitochondrial membrane until
it is activated [54,60].

These surface plasmon resonance studies confirm that the interaction of activated BAX with
liposome membranes clearly displays the two observed stages of binding and integration
[54]. The binding stage is rapid and displays high and low affinity components. Membrane
integration of BAX is slower but dissociates very slowly, if at all. Analysis of the concentration
dependence of binding indicates a high and a low affinity population of membrane associated
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BAX. The concentration dependence of BAX membrane integration suggests a single population.
We plotted the ratio of integrated to total membrane associated BAX to study the relationship
between these two. In the DOPC/DOPA liposomes the ratio has an increasing phase, suggesting
that binding of BAX to the liposomes enhances the integration step. Membrane binding and
integration of BAX saturates even though no protein or typical molecular receptor is present in
the membrane. This saturation occurs as the maximum mole–fraction (solubility) of the BAX

protein associated with the membrane surface or integrated into the membrane is reached. This
saturation produces the falling ratio of integrated to total membrane associated BAX as higher
concentrations of added BAX engage nonproductive modes of membrane association.
Interestingly in the DOPC/DOPA/C membranes the increasing ratio at low BAX concentration
is eliminated. However, since both binding populations are increased in the DOPC/DOPA/C
membranes the integration promoting step and its cholesterol inhibition must occur after the
binding steps that we have observed.

Analysis of the Cholesterol Inhibition of BAX(ΔC19) Pore Activation
The results of our analysis of BAX association with membranes are presented in Table 1. In this
Table the effect of cholesterol on BAX integration into bilayer membranes is apparent. BAX binds
to a greater extent (both high and low affinity pools are increased by 60%) to membranes that
contain cholesterol but membrane integration is dramatically inhibited (42% reduction). These
changes produce the inhibition of BAX pore formation that we observe in liposomes and
mitochondria. The effect upon BAX pore activation is consistent with our proposed mechanism
of pore activation that includes the in–membrane dimer and tetramer oligomerization of BAX

protein. In this model of in–membrane oligomerization a reduction of membrane integration
by cholesterol will suppress pore activation. Cholesterol is known to have a condensing effect
upon membranes by reducing the phospholipid area that is especially prominent for the liquid
disordered phase that we have in our DOPC/DOPA liposomes [79,52]. This condensation can
be observed as a lateral phase–separation in membranes of appropriate composition [80].
Membrane condensation itself could reduce BAX integration without a direct cholesterol–BAX

interaction. The equivalence of cholesterol and ent-cholesterol inhibition at low BAX integration
levels favors membrane condensation over direct sterol–protein interaction. The increased
inhibition by ent-cholesterol as BAX integration approaches membrane saturating levels might
reflect stereo-specific cholesterol interactions with BAX or with membrane phospholipids [70].
If we extrapolate the effect of cholesterol upon the concentration dependence of membrane
integration it appears to explain the inhibition of pore activation. Thus, we have no evidence
to suggest stereo-specific interaction with the BAX and inhibition of the in–membrane
oligomerization steps. However, this does not necessarily contrast with the prior report on
effects of cholesterol on BAX [33]. That work compared the BAX integrated to the total membrane
associated protein using trypsin sensitivity. This measure is very similar to the ratio that we
calculate and although we observe that the ratio in DOPC/DOPA/C membranes has a distinct
BAX concentration dependence there is a range where it is similar to that in DOPC/DOPA
membranes. Our data only support a cholesterol effect on the membrane integration of BAX that
is mediated by altering the membrane environment.

There have now been two investigations showing that the pore forming activity of BAX is
inhibited by cholesterol in liposome membranes. Both of these have increased the cholesterol
of the OMM to produce BAX inhibition in that membrane also. By comparison with our results
the cholesterol levels of cell surface membranes will certainly reduce BAX pore formation. It
remains to be demonstrated how the cholesterol levels of intracellular membranes change and
influence cell death. Resistance of tumor cells to therapy, the persistence and growth of
atheromatous lesions and their final rupture, the extent of re-perfusion cell death in infarct and
stroke regions and skeletal muscle apoptosis may all be affected by cholesterol levels and the
inhibition of BAX activity.
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Summary
The 25 BCL-2–family proteins are central regulators of apoptosis. As one of these, BAX is a critical
instigator of apoptosis by transitioning from a soluble protein to a membrane integrated pore.
We have characterized this transition in liposomes and human mitochondria. Activation of the
soluble protein is required for membrane binding, membrane integration and in–membrane
oligomerization to form pores. Cholesterol is a major inhibitor of BAX pore activation in
mitochondria and liposomes. This inhibition does not require direct interaction with the BAX

protein but appears to function on the membrane environment to inhibit BAX integration into the
membrane bilayer.

Materials and Methods
Preparation of BAX(ΔC19)

Two methods for producing recombinant BAX(ΔC19) were employed. For dequenching
experiments, the cDNA for human BAX, with the putative transmembrane carboxy-terminal
α-helix truncated, was sub-cloned into pGEX-KG vector, expressed in BL21(DE3) E. coli, and
purified as a GST fusion protein. After harvesting by centrifugation, cells were resuspended
in lysis buffer (PBS, pH 7.4, 1% Triton X-100, 1 mM DTT, Complete Protease Inhibitor
Cocktail (Roche; Indianapolis, IN), sonicated, and the clarified lysate applied to GSH-agarose.
Resin was subjected to high salt wash (including 0.1% Triton X-100), flushed with cleavage
buffer (50 mM Tris, pH 7.5, 150 mM NaCl, 0.1% n-octyl-β-D-glucopyranoside [OG], 2.5 mM
CaCl2, 1 mM DTT), and BAX(ΔC19) cleaved from GST tag using thrombin (Novagen, Madison
WI).

For surface plasmon resonance experiments, human BAX(ΔC19) cDNA was sub-cloned into
pTYB1 vector (NEB; Ipswich, MA), expressed in BL21(DE3) E. coli, and purified as an intein/
chitin-binding domain fusion protein. After harvesting by centrifugation, cells were
resuspended in lysis buffer (PBS, pH 7.4, Complete Protease Inhibitor Cocktail [Roche;
Indianapolis, IN]), sonicated, and clarified lysate applied to a chitin affinity column. Resin was
subjected to high salt wash followed by flushing with cleavage buffer (20 mM Tris, pH 8.0,
500 mM NaCl, 1 mM EDTA, 50 mM DTT) and incubated at 4°C for 48 hours to allow intein
self-cleavage and release of recombinant BAX(ΔC19). Eluted proteins were estimated to be >95%
pure by Coomassie staining SDS-PAGE gels and stored at 4°C. BAX(ΔC19) was activated by
addition of 2% OG for 1 hr. at 4°C then dialyzed overnight against EB (10 mM HEPES, pH
7.0, 100 mM KCl, 0.01% NaN3). BAX(ΔC19) retained pore forming capacity for >72 hrs after
dialysis with no diminution of activity.

Liposome preparation by Reverse Phase Method
Liposomes were prepared using the reverse phase procedure of [81]. Lipids were obtained as
solutions in chloroform from Avanti Polar Lipids, Inc. (Alabaster, Alabama). Mixtures of 1,2-
dioleoyl-sn-glycero-3-phosphocholine (DOPC) and 1,2-dioleoyl-sn-glycero-3-phosphate
[Monosodium salt] (DOPA) and 5-cholestene-3β-ol (cholesterol, Sigma-Aldrich, St. Louis,
MO.) were prepared at a mole fraction ratio of DOPC:DOPA 0.74:0.26 or DOPC:DOPA:C
0.59:0.21:0.20 in chloroform. Chloroform was first evaporated under a stream of N2 gas and
then further remove by vacuum (10−5 Torr) for 2 hours. Dried lipids were stored in N2 gas at
−20°C. Carboxy-fluorescein (MW=376) (Molecular Probes, Eugene, Oregon) was prepared at
20 mM in EB, adjusted to pH=7.2 and stored at 4°C. Dried lipids were reconstituted by addition
of 1 ml ethyl ether and 0.5 ml CF solution. The suspension was sonicated at 1200 W for 20
seconds producing a stable suspension and ether was evaporated on a rotary evaporator at 40
rpm under reduced pressure (water aspiration) for 13 min at room temperature. The 0.5 ml
suspension was supplemented with an additional 0.5 ml of the 20 mM carboxyfluorescein
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solution. This mixture was passed through a 22 gauge needle affixed to a mini-extruder (Avanti,
Alabaster, Alabama) containing a 200 nm membrane (Nuclepore, Pleasanton, California) for
3 complete cycles. The extra-vesicular carboxyfluorescein was removed by passing the
liposome-dye mixture over a 1×20 cm Sephadex G-25–80 (Sigma, St. Louis, Missouri) column
in EB. A liposome peak was collected and analyzed by dynamic light scattering (N5 Submicron
Particle Size Analyzer, Beckman-Coulter, Fullerton, California), diameter = 207±12.5 nm.
Phospholipid concentration in this fraction was determined to be 3.3 mg/ml [82].

Dequenching Analysis of BAX Pore Activation
We have used the analysis of dequenching to study the activation of pores in bilayer membranes
[83,84,85,19]. Using mono-disperse unilamellar vesicles the activation of membrane pores was
studied by measurement of the increased fluorescence as carboxyfluorescein exits from the
membrane compartment and is diluted into the assay volume. All assays were done at a total
lipid concentration of 0.4±0.05 µM. The time dependence of the dequenching from our
liposome and mitochondria preparations is well described by equation (1), without additional
exponential terms.

(1)

The formation of a 10 to 30 Å pore in a 200 nm vesicle (or mitochondrion, see Figure 2) will
permit the equilibration of carboxyfluorescein with the media within 30–100 milliseconds
[86,87]. In the time scale of our assay a single pore opening will not be resolved and the
exponential dequenching we observe represents the kinetics of pore activation. A linear
component in the time series was frequently not observed but represents pores that are unstable
and which close before single vesicle dequenching is complete with subsequent pore activation
being required to complete dequenching [88]. For a time series experiment the fractional
dequenching at each time point was determined by normalizing the fluorescence (Fl) with the
Triton X-100 generated total dequenching for each assay, equation (2).

(2)

The analysis of BAX pore activation was undertaken by determining the time constant, τ, and the
total exponential fluorescence change, A1, for each time series dequenching. The kinetic
constants were determined by nonlinear least squares analysis using the Levenberg–Marquardt
algorithm which yielded χ2 values of < 0.001 for each time series.

Assessment of BAX(ΔC19)-liposome Interaction by Centrifugation and Silver Staining
OG-activated BAX(ΔC19)was dialyzed overnight against EB. BAX was applied to liposomes
± cholesterol (1.1 µM total lipid concentration), incubated for 10 min. at room temperature,
and ultracentrifuged at 150000 × g for 20 minutes at 4°C. The supernatant was collected and
proteoliposome pellet subjected to alkaline extraction by resuspension in 100 mM sodium
carbonate for 30 min on ice. Samples were again ultracentrifuged and supernatant and pellet
fractions collected. After SDS-PAGE and silver staining, relative intensities of BAX bands
were quantified using QuantityOne software (Biorad; Hercules, CA).

Preparation of Mitochondria
Mitochondria were prepared from cultured cells following published procedures[89,90]. The
mitochondria were isolated from HeLa cells maintained in culture where the unstimulated rate
of apoptosis is < 5%. We used 250 mM sucrose for osmotic stabilization (pH=7.0, 10 mM
HEPES) and added 1 mM EGTA to maintain low Ca2+. All procedures were performed at 4 °
C on ice baths except as noted. Cell cultures were washed with ice cold sucrose solution to
remove media and serum and the cells mechanically scraped from the dishes. After
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homogenization (40 strokes with a loose Dounce) the nuclei and undisrupted cells were
removed by centrifugation at 500×g. Mitochondria were then collected by centrifugation at
9000×g. The mitochondrial pellet was resuspended and protein concentration determined using
the Micro BCA protein assay kit (Pierce Chemical Co., Rockford, Illinois, USA). The
mitochondria were suspended at 1 mg/ml protein in the unilamellar liposome preparation for
fusion as described previously [39,40]. The carboxyfluorescein (CF)loaded liposomes were 1
mM in lipid and contained 2×1012 liposomes per ml. The mitochondria and liposomes were
incubated together at 15 °C for 60 minutes and then the pH dropped to 6.5 by addition of 60
µL of 100 mM PIPES (pH=6) for 5 minutes. The fused mitochondria were pelleted at 9000×g
and washed two further times in 250 mM sucrose buffer to remove un-fused liposomes. Lipid
analysis by Dr. Richard Gross of the Department of Medicine at Washington University
allowed us to adjust the fusion protocol in order to incorporate the desired amount of cholesterol
into the mitochondria. This analysis showed that the liposome fusion increased DOPA to 3
times the DOPA in the isolated mitochondria before fusion[91]. We used this ratio to calculate
that when we were using liposomes containing 20 mol% cholesterol the OMM cholesterol was
increased to 16±0.4 mol%. Cholesterol in liposome and mitochondria preparations were
converted to trimethylsilyl ethers and determined using GC-Mass spectrometry by Dr. Dan
Ory of the Department of Medicine Washington University School of Medicine [92].
Mitochondria fused to these levels were used in all of the experiments to test the effect of
cholesterol on BAX activity in mitochondria.

Electron Microscopy and Photo—conversion of the Mitochondrial Preparations
Mitochondria were purified as above and fixed with 2.5% gluteraldehyde in 0.1M sodium
cacodylate for 30 minutes on ice after which they were spun at top speed in a table top microfuge
to form a tight pellet. After rinsing, the pellet was sequentially stained with osmium tetroxide
and uranyl acetate; then dehydrated and embedded in Polybed 812. Tissue was thin sectioned
on a Reichert-Jung Ultracut, viewed on a Zeiss 902 Electron Microscope, and recorded with
Kodak E.M. film. For photo—conversion the mitochondria were washed after fixation and
treated with 6 mM potassium cyanide and then suspended in cacodylate buffer with 2.8 mM
3,3′-diaminobenzidine tetra-hydrochloride for exposure to a 75 watt xenon lamp. After 6
minutes the mitochondria are washed by centrifugation and processed for electron microscopy
as above.

Measurement of mitochondrial oxygen consumption
Mitochondria were prepared as described above. Mitochondria at a protein concentration of
≈1 mg/ml were placed into the Instech Dissolved Oxygen Measuring system (Warner
Instruments, Hamden, CT 06514) in 150 mM KCl (pH=7.0), 1 mM EGTA and 5 mM DTT at
20°C. The Buffer was equilibrated with 95% O2 and stored in an airtight syringe prior to use.
The concentration of dissolved O2 was corrected for atmospheric pressure. During the assay
the mitochondria were sequentially treated with 5 mM malate, 5 mM ADP, 2 µM rotenone, 5
mM succinate, 10 mM ascorbate and tetramethyl p-phenylene diamine (TMPD) and a baseline
obtained in 10 mM azide. After the addition of ascorbate–TMPD the rate of oxygen
consumption was dependent upon site IV which employs cytochrome c and cytochrome
oxidase in the transfer of electrons to molecular oxygen[93]. The rates of oxygen consumption
were normalized for protein concentration.

Planar lipid bilayer studies on isolated fused mitochondria
Planar lipid bilayers were prepared from the phospholipids DOPC:DOPA (74:26 mol%).
Phospholipids were obtained from Avanti Polar lipids in chloroform solution and were mixed
to the correct ratio and the chloroform removed under nitrogen. The lipids were then stored
under nitrogen at −20°C until dissolved in decane at 20 mg per ml. Briefly, 2 µl of lipid solution

Christenson et al. Page 12

J Mol Biol. Author manuscript; available in PMC 2009 September 19.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



was applied to 0.25-mm orifice of a polystyrene cuvette (Warner Instruments, Hamden, CT),
and the solvent was allowed to evaporate. The cuvette was then placed into a bilayer chamber
and connected to a bilayer clamp (BC525-c; Warner Instruments) by Ag/AgCl electrodes via
agar bridges. Data were collected using CLAMPEX 9.0 (Axon Instruments, Foster City, CA),
archived on videotape using a Neurocorder DR-484 (Neuro Data Instruments, Delaware Water
Gap, PA), and analyzed using ORIGIN (OriginLab Corporation, Northhampton, MA) and
CLAMPFIT (Axon Instruments). Bilayers were formed by spreading with a polished glass rod
and allowed to thin to a capacitance of 0.4 µF/cm2, at which point the noise was typically 0.2
pA and the leak conductance was 2 pS. The salt concentrations are described in the appropriate
figure legends. Outward (positive) currents were defined as K+ moving cis to trans. All
solutions were buffered to pH 7.0 with 10 mM K-HEPES. Mitochondria (10 µg of protein)
were added to the cis chamber with mixing. To vary calcium concentration, EGTA and
CaCl2 were added as indicated. The MilliQ water employed for buffers in these studies
averaged 30 µM Ca2+ and mitochondrial isolation buffer contained 1 mM EGTA to reduce
free Ca2+ to < 1 µM. Calcium was varied by adding 100 µM CaCl2 or 100 µM EGTA to the
bilayer chamber.

Surface Plasmon Resonance Studies of BAX–Liposome Interaction
These studies were done using Biacore × instrumentation and software (Biacore Division of
GE Healthcare, Uppsala, Sweden) at an ambient temperature of 20°C. Buffers were filtered
through 0.22 µm filter prior to use. Liposomes were prepared as described above. The buffer
was EB unless noted. The sensor surface of an L1 chip (Biacore) was equilibrated in EB.
Liposomes were injected at a phospholipid concentration of 0.6 mg/ml across the sensor surface
at a flow rate of 3 µl/min for 12 minutes. Loosely associated liposomes were washed from the
surface by increasing the flow rate of running buffer to 500 µl/min for 30 sec. To ascertain the
extent of liposome coverage of the surface and to block remaining non-specific binding sites
1mg/ml BSA was injected at 15 µl/min for 2 min[94]. The DOPC:DOPA liposomes loaded to
13±0.9 ng of lipid per µm2 and the DOPC:DOPA:C liposomes loaded to 12.3±1.2 ng of lipid
per µm2. Variation in loading was primarily due to variation in the liposome size distribution.
BAX(ΔC19) protein was injected over supported liposomes at 30 µl/min, and the dissociation
observed for 5 min at the same flow rate at which the protein was injected. The response was
corrected for injection artifacts. Data were analyzed and displayed using BIAevaluation
(Biacore) and Origin 7.5 (OriginLab Corp., Northampton, MA) software. At each
concentration of BAX protein the line presented results from the averaging of 2 to 4 independent
binding studies. The standard deviation from this averaging is shown in the binding plots when
its value is larger than the symbols or line which is being displayed.
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Figure 1. Human BAX(ΔC19) Pore Forming Activity in Liposomes
Using human BAX(ΔC19) we studied the kinetics of pore activation in liposomes by the purified
protein. The liposome assay was done as previously described[19]. Panel A. Preparation of
human BAX(ΔC19) expressed and purified as described in Methods and run on SDS-PAGE gel
to demonstrate size and purity. Panel B Time series examples of human BAX(ΔC19) pore
activation as added protein concentration is increased. BAX(ΔC19) concentrations shown are:
◁–24.8 nM,○–16 nM, △–8 nM, ▽–4.8 nM, ◇–4 nM, □–2 nM. Using the time series data
curve fitting to an exponential function determined the time constant and the extent of release.
Panel C. The time constants determined from the time series and concentration dependence
of pore activation were subjected to Hill analysis. Each plotted point represents the average of
2–3 determinations with standard deviations shown when they were bigger than the symbol.
The data was fitted to a polynomial using the Levenberg-Marquardt algorithm. The slope of
the fitted line was determined at each point and is plotted in the inset graph.
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Figure 2. Studies on Isolated Mitochondria After Fusion with CF-Liposomes
Panel A. Mitochondria were prepared and fused with 200 nm liposomes containing 20 mM
carboxyfluorescein as described in Methods. These mitochondria were then pelleted, fixed,
embedded for sectioning and electron microscopy. In all cases the mitochondria have a
traditional two–membrane morphology after fusion with liposomes. Exposure of the isolated
mitochondria to UV light photo–converted the CF and photo–oxidized diaminobenzidine
producing the electron dense depositions in the intermembrane space. At the right of this panel
are two large unilamellar liposomes that were used in the fusion loading of the mitochondria.
The upper liposome was photo–converted and the lower was not exposed to UV light, see
Methods. Panel B. After isolation and fusion with liposomes containing CF the mitochondrial
suspension was diluted to 1 mg/ml protein and O2 consumption was measured. At the first
arrow 10 mM ascorbate and TMPD were added initiating rapid O2 uptake that was dependent
upon cytochrome c and cytochrome oxidase, at the second arrow 200 nM melittin was added
and at the third arrow 100 µM horse cytochrome c was added. Panel C. Mitochondria were
isolated and fused with liposomes as described in Methods in the presence of 1 mM EGTA.
Subsequently the washed mitochondrial suspension was diluted 1:100 into the assay buffer or
buffer with added 100 µM or 200 µM CaCl2 (from bottom to top) and fluorescence dequenching
followed for the indicated times. All dequenching values were normalized to the 1% Triton
X-100 initiated dequenching.
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Figure 3. Channel Activity in Membranes of Liposome–Fused Mitochondria
Panel A. Isolated, liposome–fused mitochondria from cultured HeLa cells were studied in
planar lipid bilayers as described in Methods. Mitochondria were added to the cis chamber of
a planar lipid bilayer cuvette with a 450 to 150 mM KCl from the cis to trans chambers. After
3–7 minutes current levels stabilized and the cis solution was perfused to 150 mM KCl. Using
voltage clamp configuration command ramps (lower panel) were applied to the bilayer after
fusion events were observed. Panel B. Using buffer containing 100 µM CaCl2 and 100 µM
EGTA the stable voltage dependence of fM was studied. Data were obtained by holding
indicated the membrane potential for 10 seconds and using the the average current of the final
two seconds. EGTA to 100 µM was added to the cis chamber and after 5 minutes the voltage
dependence was determined again. The high calcium perfusion, voltage dependence, EGTA
addition and voltage dependence re–determination was repeated until the bilayer membrane
collapsed, 3 cycles. These were averaged for this panel and the s.d. at each point shown in the
figure. Panel C. Bilayer conductance was calculated from voltage ramps (±60mV) collected
at 1.67 kHz with a 1.2 second duration for each ramp. The bilayers were formed and Ca2+

concentration adjusted as described in Panel A. The currents were normalized to a peak
conductance of 1 for comparison.
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Figure 4. Bax Pore Activation in Isolated Mitochondria
Mitochondria were isolated from cultured Hela cells and fused with liposomes using a
modification of a previously described technique as described in the Methods. Panel A.
Mitochondria were diluted into a 500 µL assay volume to give a protein concentration of 0.3
mg/ml and a phospholipid concentration of 4.3 µM. The concentrations of BAX(ΔC19) are as
follows: □-1 nM,○-2.2 nM, △-5.4 nM, ▽-8.7 nM and ◇-21.6 nM. The fractional dequenching
was fitted to an exponential model in order to determine the time constant (τ) for analysis of
the kinetics of BAX pore activation. Panel B. Comparison of the rate of BAX(ΔC19) pore activation
in mitochondria △ and liposomes ○. Both sets of data are fitted by Hill functions (black and
gray lines respectively). The rate of pore activation in mitochondria was then normalized for
the increased lipid in this assay and then was fitted by the dotted black line. The normalized
pore activation data points are not shown in this panel. Panel C. The pore activation time
constants that have been normalized for lipid concentration are plotted in the standard
logarithmic form for Hill analysis. The data was fitted as in Figure 1 and the fitted curve plotted
in black. The liposome fitted line is shown in gray for comparison.
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Figure 5. BAX Pore Activation and Binding in DOPC:DOPA:C Liposomes
Liposomes containing cholesterol were prepared as described in Methods. Panel A. Selected
examples of time series dequenching by human BAX(ΔC19) in DOPC:DOPA:C (mole fraction
0.59:0.21:0.20) liposomes. Human BAX(ΔC19) concentrations were: ○-1, △-8, ▽-17, and □-24
nM. Fractional dequenching was computed by comparison with Triton X–100 dequenching.
Panel B. Hill analysis of the human BAX(ΔC19) pore activation in DOPC:DOPA:C liposomes.
Each determination of the time constant is shown with the s.d. error bars (n≥3). The series of
time constants was fitted to a polynomial and the slope of the fitted line determined and
presented in the inset plot. Also shown is the fitting from Figure 1C in DOPC:DOPA liposomes
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as a the dotted line. Panel C. Comparison of the concentration dependence of the time constant
for pore activation in DOPC:DOPA (△) and DOPC:DOPA:C (♦) liposomes. Each of the
determinations is shown with s.d. (n≥3). Dotted lines are the nonlinear least squares fitting of
the time constants to the Hill equation. Panel D. Comparison of BAX pore activation in liposomes
composed of DOPC:DOPA:C (△) and DOPC:DOPA:entC (mole fraction 0.59:0.21:0.20) (○).
Each of the determinations is shown with s.d. (n≥3). Dotted lines are the nonlinear least squares
fitting of the time constants to the Hill equation. Panel E. Defined liposomes were suspended
in 200 nM BAX(ΔC19) and incubated for 10 minutes at room temperature. As indicated in the
figure the liposomes were ±cholesterol. The liposomes were sedimented at 150,000×g as
described in Methods to give the pellet (P) and alkaline extraction (AE) or supernatant (S).
Each sample was separated by SDS-PAGE with silver staining. The region at 19–20 kD of the
gel was analyzed for density and the percent distribution of the protein in each fraction was
calculated for the figure.
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Figure 6. Effect of Sterol on BAX(ΔC19) Pore Activation in Mitochondria
The effect of cholesterol on BAX pore activation in isolated mitochondria fused with liposomes
containing 20 mol% cholesterol. Pore activation in these mitochondria,○, was greatly reduced
compared to mitochondria fused with DOPC:DOPA liposomes, ▽. Mitochondria were also
fused with liposomes prepared using the enantiomer of cholesterol, △. The dotted lines are the
results of nonlinear least squares fitting the time constants for pore activation in mitochondria
fused to liposomes and cholesterol–liposomes. Time constants of pore activation in
mitochondria fused with liposomes prepared with the enantiomer of cholesterol are not fitted.
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Figure 7. BAX Binding to Supported DOPC/DOPA Liposomes
The binding and membrane integration of BAX(ΔC19) was studied by surface plasmon resonance
using supported liposomes. Panel A. BAX(ΔC19) was injected over an L1 chip covered with
immobilized DOPC/DOPA (74:26 mol%) liposomes as described in Methods. This protein
was prepared as described above without using detergent. Prior to exposure of the BAX(ΔC19)
to detergent the protein did not bind to the liposomes as shown by the open circles (○ ○ ○) at
the bottom of the graph that indicate the averaged RU response for the 25–3000 nM BAX(ΔC19)
concentration range. After treatment with detergent the RU response for the following
concentrations is shown: 25.8 nM (solid), 51.8 nM (dash), 103.5 nM (Dot), 207 nM (Dash-
dot), 414 nM (dash-dot-dot), 828 nM (short dash). The injection phase is indicated by the solid
line and the wash phase by the dashed line at the top of the graph. Panel B. Comparison of
membrane–associated (□) and membrane–integrated (○) protein using the criteria described in
the text and calculating the average values and S.D. as described in Methods. The dotted lines
represent the best fit to a interaction model as described in the text. Panel C. The ratio of
binding and integration fraction of protein plotted as the added concentration of BAX(ΔC19) is
increased. Means and standard deviations are computed as described in the methods.
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Figure 8. BAX Binding To Supported DOPC/DOPA/Cholesterol Containing Liposomes
The binding and membrane integration of BAX(ΔC19) was studied by surface plasmon resonance
using supported liposomes containing cholesterol. Panel A. BAX(ΔC19) was injected over an
L1 chip covered with DOPC:DOPA:C (59:21:20 mol%) liposomes. This protein was prepared
as described in Methods without using detergent. Prior to exposure of the BAX(ΔC19) to
detergent the protein did not bind to the liposomes as shown by the open circles (○ ○ ○) at the
bottom of the graph that indicate the averaged RU response for the 25–3000 nM BAX(ΔC19)
concentration range of unactivated protein. After treatment with detergent the RU response for
the following concentrations is shown: 9 nM (solid), 18 nM (dash), 36 nM (Dot), 72 nM (Dash-
dot), 289 nM (dash-dot-dot), 574 nM (short dash). The injection phase is indicated by the solid
line and the wash phase by the dashed line at the top of the graph. Panel B. Comparison of
membrane–associated (△) and membrane–integrated (▽) protein using the criteria described
in the text and calculating the average values and S.D. as described in Methods. The dotted
lines represent the best fit to an interaction model as described in the text. Panel C. The ratio
of binding and integration of protein plotted as the fraction integrated as concentration of BAX

(ΔC19) is increased. Means and standard deviations are computed as described in the Methods.
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Table 1
Analysis of BAX Membrane Interaction

Kind of Membrane Interaction2 K1
M

BAX

Mole Fraction3
K2
M

BAX

Mole Fraction3
DOPC:DOPA

Membrane Binding 2.2±0.4 ×10−6 5.9±0.7 ×10−3 1.37±0.45 ×10−8 0.78±0.31 ×10−3

Membrane Integration 2.5±0.27 ×10−7 1.8±0.07 ×10−3

DOPC:DOPA:C
Membrane Binding 1.6±1.2 ×10−6 8.6±4.2 ×10−3 1.4±0.46 ×10−8 1.2±0.2 ×10−3

Membrane Integration 1.06±0.22 ×10−8 0.86±0.3 ×10−3

2
As described in the text the BAX membrane populations were identified by binding and integration with the membrane.

3
We have used mole fraction to represent membrane associated BAX populations to allow a direct comparison between experiments as a membrane

concentration [94].
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