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Abstract

The protein BAX of the Bcl-2-family is felt to be one of the two
Bcl-2-family proteins that directly participate in the mitochon-
drial cytochrome c-translocating pore. We have studied the
kinetics, stoichiometry and size of the pore formed by BAX in
planar lipid bilayers and synthetic liposomes. Our data
indicate that a cytochrome c-competent pore can be formed
by in-membrane association of BAX monomers.
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Introduction

Genetically programmed cell death occurs in all multicellular
organisms."™® The function of Bcl-2-family of proteins is to
govern the central decision point within the mitochondrial
(intrinsic) apoptotic pathway.*'° This protein family includes
both proapoptotic (e.g. Bax, Bak, Bcl-xs, Bad, Bik, Bid, Hrk,
Bim, Noxa) and antiapoptotic (e.g. Bcl-2, Bcl-x ., Mcl-1, A1,
Bcl-w) molecules.’™™"® Members of these two classes
neutralize each other's effect and therefore heterotypic
combination is critical for controlling apoptosis.'®'® In
addition, homotypic combination to higher order oligomers
has been shown to form the large cytochrome c-transporting
pores.'®23 It is now universally accepted that oligomerization
is decisive in the mitochondrial death decision, but the
composition of the critical regulatory oligomers remains to
be resolved. The biochemical activity of these proteins was
revealed by the first structure of Bcl-x., which showed a
remarkable protein fold.2* The structure of this antiapoptotic
protein resembled closely the fold of the pore-forming
subunits of the colicin/diphtheria toxin molecules (Figure 1).
This observation correctly focused interest on the membrane
association and the in-membrane pore-forming activities of
the Bcl-2-family proteins.25~2 The realization that cytochrome
¢ release from the mitochondria was the essential conse-

quence of Bcl-2-family protein activity?®=2 has crystallized
our focus on oligomerization and pore formation by this
protein family. Stan Korsmeyer and his collaborators were
instrumental in defining the Fas (TNF)-Bid—Bax/Bak pathway
of apoptosis regulation.*® However, as many researchers
have observed, the Bcl-2-family apoptosis decision pathway
is complex, interdigitates at multiple levels with other cellular
pathways and employs biochemically diverse mechanisms.
The biochemical characterization of ‘active’ Bcl-2-family
proteins and the control of such activities will be central to
understanding the control of apoptosis. We appreciate that
the death decision requires translocation of Bcl-2-family
proteins to the outer mitochondrial membrane, oligomeriza-
tion of trans-located and resident proteins in that membrane
and the activation of pores to release cytochrome c as well as
other mitochondrial proteins into the cytoplasm. However, this
summary of the mitochondrial death decision is not complete.
Our investigations have attempted to incorporate additional
details about the mitochondrial death decision by using
well-defined experimental systems that permit quantitative
analysis.

Some Structural/Functional Homologies
Among Bcl-2-Family Proteins

The solution and crystal structures of Bcl-x_ Bcl-2, Bid and
Bax demonstrate a similar three-dimensional arrangement of
the helical segments (Figure 1).2#33% The Bax and Bid
structures are representative of the cytoplasmic ‘inactive’
forms of the respective proteins. The Bcl-2 and Bcl-x.
structures are not easily associated with a functional state of
the respective proteins and the membrane structures of all of
these proteins remains to be determined. The proteins in
Figure 1 have 7-9 «-helices arranged in three layers. The
colors used are intended to suggest regions of similar function
in the different proteins. In some Bcl-2-family proteins, the
green amphipathic helices are proposed to contribute to
channel formation by traversing the membrane.2427:37=3° Thjs
hairpin is proposed to extend, thereby forming the handle of
an umbrella with the remaining helices distributed on the
insertion surface of the membrane.*®*! Although these
models only suggest events in membrane insertion, they
have been used to develop the concept of activation of the
soluble proapoptotic Bcl-2-family members.

Bid activation in TNF signaling

In the case of Bid, the N-terminal ‘insertion-blocking’ helices
pack against the hydrophobic core and are proteolytically
removed for activation.®3%*¢ The cleavage of bid results from
TNF receptor ligation and subsequent activation of caspase-
8.4243 This cleavage, when followed by posttranslational
myristoylation, makes bid very active at translocation to the
mitochondria.** It seems clear that the activation of bid occurs
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Figure 1  Bcl-2-family structures with colicin. These models were assembled
from the deposited PDB files for Bax, Bcl-x,, Bid and Bcl-2, with Bcl-x.24%%%
The models were colored as follows: green — hydrophobic core helices; red-helix
containing BH3;, gold-‘insertion-blocking’ helix associated with the hydrophobic
core. The structures are rotated so that these domains appear similarly in each
panel

by exposing the hydrophobic helices and approximating them
to the target membrane. The detailed series of events from
ligation of TNF to the translocation of activated bid to the
mitochondria was developed extensively in Stan Korsmeyer’s
laboratory and confirmed the paradigm of the mitochondria

death decision as central in Bcl-2—family-mediated apopto-
SiS.45'46

Bax activation for membrane insertion and pore
formation

All of the Bcl-2-family structures shown in Figure 1 have
possible ‘insertion-blocking’ helices, indicated by gold colora-
tion. For membrane resident Bcl-x_ and Bcl-2, the function of
these helices is not clear. For the soluble protein, Bax, the
solution structure represents the cytosolic resident and
physiologically inactive form. Stan Korsmeyer suggested that
since the TM region of Bax was not required for proapoptotic
activity in mammalian cells*” and partial removal of the
hydrophobic TM region, Bax(AC19), reduced aggregation of
purified preparations,*® this might be useful for biophysical
studies. We found that the Bax(AC19) after a urea denatura-
tion/renaturation cycle was monodisperse by light scattering®®
and was more active than full-length that was activated
with detergent, Figure 3a. This engineered preparation,
Bax(AC19), was used to study the biophysics of cytochrome
c-competent pore activation in define liposomes and planar
lipid bilayers.?54°

Structural Requirements for Pore
Formation

Once the death signal has been transmitted to the mitochon-
dria, the release of cytochrome ¢ and other proteins must be
accomplished to complete the death decision. After transloca-
tion to the mitochondria, the activated Bid will not itself release
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cytochrome c. The release of cytochrome c¢ requires the
oligomerization of Bak or Bax in the outer mitochondrial
membrane.®° In Figure 1, the red helices include the BH3
region that associates with the hydrophobic core in all Bcl-2-
family proteins, thus far identified. Initially, this region was
implicated in specific recognition between soluble dimers®'+%?
and is now known to be a major contributor to the in-
membrane oligomerization and pore formation.'®®® The
structure of the stable cytosolic Bax recapitulates the theme
of amphipathic «-helices forming an envelope around the core
hairpin helix. In this case, the C-terminal helix 9 partially
covers the hydrophobic core. In vitro and in vivo activation
studies indicate that mitochondrial membrane insertion
occurs in parallel with displacement of helix 9 from this
position.®*%*% We determined that by shortening this helix
we could generate an active form, Bax(AC19), for biophysical
studies in liposomes and planar lipid bilayers.?>*° Extensive
mutation studies confirm that the Bax BH3 helix mediates
binding between Bcl-2-family proteins.'®®157=%° Although
central to the regulation of apoptosis, a single binding site
will provide only for specific dimerization. The higher order
oligomers important in mitochondrial dysfunction and protein
release require at least two sites of interaction per Bcl-2-family
member.®®®" The structural dependence of the oligomeriza-
tion remains to be determined. It seems likely that the homo-
oligomerization of Bax and Bak, which is required for
cytochrome crelease, is an excellent candidate for a domain
swapping mechanism.®2-63

Channels Formed by Bcl-2-Family
Proteins

Initially, four papers were published in which Bcl-x_, Bcl-2 and
Bax were demonstrated to display channel-like activity in
planar lipid bilayer experimental systems.?*2® In all cases,
pore formation was enhanced by acid pH. As the pls of these
proteins vary from 7 to 4.5, it seemed unlikely that this pH
dependence was reflecting a common mode of activating the
individual proteins. The pores formed by these purified
proteins did have some common properties. In each case,
multiple conductance levels were identified for each protein
that was reconstituted into planar lipid bilayers. This
suggested that the individual proteins formed multiple homo-
oligomeric structures in the membrane that generated the
pore activity. The first channels to appear were always small
and produced the simplest current recordings. Subsequently,
larger currents and more complex patterns appeared,
indicating that sequential oligomerization was increasing pore
size. We determined by light scattering that our Bax
preparation was monomeric. These characteristics suggested
to us that the Bcl-2-family proteins entered the membrane as a
monomer and undertook multimerization in the membrane.
During this association, the oligomers activate to ion-
conducting channels of various sizes. The resulting channels
demonstrated low ion selectivity that seemed to primarily
result from electrostatic properties of the proteins forming the
pore. For example, Bax and Bcl-x, were proteins with a low pl
and displayed a preference for anions. However, Bcl-2 with a
higher pl was slightly cation selective. We found no selectivity



requiring a highly developed ion-selectivity filter in the Bcl-2-
family channels that were formed.

We observed the soluble protein preparations incorporated
into liposomes and planar lipid bilayers in a pH-dependent
manner. At low pH, the rate of incorporation was rapid at
nanomolar protein concentrations and generated membrane
pores and channels. The difference in membrane incorpora-
tion was small in spite of the large difference in the protein pl:
Bcl-2 (7.12) and Bax (4.96). We therefore concluded that pH
dependence was owing to local charge neutralization on
portions of the Bax and Bcl-2 molecules. However, in both
cases, the pH-dependent insertion of Bax and Bcl-2 was into a
lipid composition that included negatively charged lipids.
Therefore, pH-dependent reduction of the membrane surface
charge was contributing to the rapid membrane incorporation
at pH=4. After renaturation from 6 M urea, our Bax protein
was consistently active between 1 and 50nM protein
concentration. Over this range, it was possible to show that
the Bax channel activity was concentration dependent. In
Figure 2, the pattern of Bax currents at 5 and 20 nM added
protein is shown. At the higher concentrations only the larger,
~11pA channel is observed. Under these conditions, this
channel has open times as long as 500 ms. At 5nM, the large
channel flickers open and with the limited frequency response
of the planar lipid bilayer the amplitude of this channel was
probably underestimated. Using a simple model of two open
and one closed state for this channel, it was possible to
estimate the kinetic constants for these transitions and to
successfully simulate both the low- and high-concentration
current patterns.® Assuming that the current states repre-
sented the Bax monomer, dimer and tetramer, respectively,
the formation constants for dimerization and tetramer forma-
tion are ~4 x 10”M~" Our bilayer studies indicated that the
channel activity of Bax displayed a concentration dependence
that reflect in-membrane oligomerization. With time we
observed the Bax and Bcl-2 channels to grow to nano-Siemen
size in planar lipid bilayers.?® This was a membrane lifetime
that could not be reproduced in the liposome experiments.
This activity is like that observed by others in mitochondria®®-¢®
and may represent another level of organization, which we
have not been able to study.
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Figure 2 Concentration dependence of bax channels. Genetically engineered
and renatured Bax(AC19) was incorporated into asolection bilayer membranes
at pH 4. Subsequently, the pH was increased to 7. The upper trace was acquired
at a Bax concentration of 5 nM and the lower trace was obtained at 20 nM bax. All
points histogram analysis is shown on the y-axis. Current levels were 1.97, 6.05
and 8.81 at 5nM and at 20nM one current transition of 11.34-0.17 that is
repeated
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The Biophysical Properties of the Bax
Pore

Using a mono-disperse preparation of liposomes,
182+ 12 nm, we undertook the quantitative study of Bax pore
formation. These liposomes contain carboxyfluorescein (CF)
at quenching concentrations, so that the dequenching
resulting by release from the liposome interior produced a
very sensitive assay of pore formation.®® The rapid diffusion of
CF from vesicles of this size meant that we could consider that
each pore formed would empty its vesicle and that the kinetics
of pore activation could be monitored experimentally by the
dequenching rate.”>”! The time course of dequenching is
described by:

Ri=Ai(1—e W) 4+ mt (1)

where R; is the fractional release at time, t. Because of the
uniform vesicle size, 182+12nm, the unilamellar vesicles
empty in ~30ms and the kinetics of dequenching represent
pore activation. The rapid exponential component dominates
dequenching and is characterized by a time constant, z, and
the exponential fraction, A;. A minor linear component was
also observed under some conditions and included in the
fitting equation. The exponential dequenching has been
studied in detail and used to characterize the stoichiometry
of pore activation (see below). The linear release can be
attributed to rare circumstance when the pore open time is
shorter than the vesicle emptying time, Tpore/Tempty<1.”%"
Using this experimental system, we proceeded to a quanti-
tative analysis of pore stoichiometry and pore size.

The data shown in Figure 3b are plotted according to the Hill
equation,73 with the Bax concentration corrected for the lipid
concentration present as liposomes. This represents an initial
attempt to estimate the effect of lipid amount on the pore
formation. This effect was first noted when studying the Bax-
mediated release of FITC-cytochrome ¢ from liposomes,
where higher concentrations of liposomes were required to
overcome the decreased sensitivity of the FITC-dequenching.
In this instance, we needed to go to high Bax concentration in
order to generate FITC-cytochrome c release. When cor-
rected for lipid concentration, the release of CF and FITC-
cytochrome c¢ occurs at the same Bax densities in the
membrane, Figure 3b. This plot makes it clear that the
stoichiometry of pore activation governs the molecules, which
can exit through the pore. The Hill plot of CF release is a
composite of two linear curves having slopes of 2 and 4. This
is consistent with the dimer—tetramer transformation that is
observed in the bilayer concentration dependence. When
FITC-cytochrome c is reporting the pore activation, only the
tetramer pore is detected, resulting in a linear Hill plot with a
slope of 4.

The clear implication of Figure 3b is that the tetramer pore is
larger than the dimer pore. To study this directly, we employed
dextrans of molecular weight from 1.5 to 66 kDa to block either
the CF or FITC-cytochrome ¢ dequenching. When CF was the
dequenching probe, the dimer pore has a diameter of 11 Aand
the tetramer pore a diameter of 22 A. When pore size was
estimated by blocking the dequenching of FITC-cytochrome ¢
with dextran, the tetramer pore was determined to have a
diameter of 28 A. We concluded that this increased size
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Figure 3 Kinetic analysis of Bax pores in liposomes. Liposomes of uniform size
and lamellarity were prepared as described in Saito et al.*® Using CF and FITC-
cytochrome ¢ dequenching, the concentration dependence and stoichiometry of
Bax pore activation were studied in detail. (a) A comparison of the time
dependence of pore activation in liposomes for full-length mouse Bax (O,
180 nM), detergent-activated full-length mouse Bax (A, 120 nM) and Bax(AC19)
(=, 9nM). The plots are normalized to the total liposome dequenching resulting
from 1% Triton X-100. From the time constants of the exponential activation of
Bax pores, 7, we have studied the stoichiometry of pore activation. (b) Using the
time constants of pore activation, we have employed Hill analysis and plots of that
data to study the stoichiometry of pore activation. Dequenching of CF can be
fitted by a curve (dashed line) that is the sum of two linear dependencies of
slopes 2 and 4. This contrasts with the Hill plot of the (BAX) dependence of FITC-
cytochrome ¢ dequenching (—), which can be fitted to a linear dependence of
slope 4. These data have been normalized for vesicle concentration so that the x-
axis is the molar fraction of added protein to added lipid. This permits a direct
visual comparison of the concentration dependence of CF and FCC release.
From the original data, we determined that the dimer pore represented 92% of
the added Bax(AC19) at 5nM and the tetramer pore >88% at 20nM. The
renatured Bax(AC19) was monomeric in solution by light scattering and these
data represent the stoichiometry of ‘in-membrane’ homotypic associations
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reflected a direct interaction between cytochrome ¢ and the
Bax tetramer during pore transit.

From these experiments, we formed some conclusions
about the nature of Bax pores. Bax appears to enter the
membrane as a monomer where the membrane environment
enhances its ability to form oligomers. The resulting oligomers
of Bax form membrane pores of two sizes. This oligomeriza-
tion is driven by the concentration of Bax in the membrane.
Bax alone is sufficient to form a pore, which can transport
cytochrome c across the bilayer. During cytochrome c transit,
there is a direct interaction with Bax that is reflected in an
increase in pore size.*® These conclusions lead to the
prediction that the membrane environment, including lipid
composition and membrane proteins, can have a direct effect
upon Bax pore activation and size. The cardiolipin of
mitochondria is reported to enhance the large pore formation
by Bax.” In the mitochondria tBid, Bcl-x,, Bcl-2 and VDAC
have all been observed to affect Bax pore activity.>”>7® In
addition, detergent micelles can be used to activate the full-
length Bax.3*6"77 Furthermore, it has recently been sug-
gested that Bax and Bak form homotypic oligomers in the
mitochondrial outer membrane.2'22 In summary, our study of
the pore activation in liposomes appears to have provided an
accurate model of part of the mitochondrial death decision and
even produced a limited predictive model for in-membrane
and lipid effects.

Looking at a Bax pore, indirectly

We have studied the biophysical properties of a single Bax
channel in planar lipid bilayers. Using dequenching from
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Figure 4 Giant vesicles with a Bax pore. Giant liposomes were prepared using
Bax 30 mol% DOPA and 70 mol% DOPA following a published procedure.” The
liposomes were purified and concentrated by centrifugation immobilized on glass
coverslips with 100 uM polylysine, as described. Bax(AC19) (~10nM) was
added to the buffer suspending the liposomes and a time series of images was
collected. The images displayed here show the localized release of fluorescence
from giant liposome and the elapsed time of the release. Liposomes were
allowed to tether to the coverslip surface before measurements were begun

0.3 seconds 0.7 seconds

0.1 seconds

fluorescein-loaded liposomes, the macroscopic behavior of
Bax pore activation and cytochrome ctransportation has been
quantitatively explored. However, it remains to integrate how
the single Bax pore properties are reflected in the macro-
scopic cytochrome c-transporting function.

In an attempt to implement this integration, we have
employed the release of CF from giant liposomes. Small, for
example, 200 nm, liposomes are emptied within 30 ms after
Bax pore formation. Because it was not possible to study
the transport kinetics of CF, cytochrome ¢ and dextran from
200nm liposomes our previous work focused on pore
activation. The giant liposomes were prepared with the same
lipid composition, 30 mol% DOPA and 70 mol% DOPC, used
in the studies of pore activation and following a published
procedure.”® With the CF added at nonquenching concentra-
tions, it is possible to follow it exit through a Bax pore, as
shown in Figure 4. The large size of the liposome extends the
release of CF over ~1min. The decrease of intravesicular
fluorescence and the point of CF exit from the liposome were
both observable by fluorescence microscopy. We have
successfully captured the formation of single Bax pore
complex in the giant liposome as shown in Figure 4. The
pore was formed in the upper left corner of the giant liposome.
The CF was continuously released from this single pore
without interruption. The kinetics of fluorescence loss from
these liposomes is consistent with a 10—-40 nm pore whose
size is concentration dependent.”! This suggests that the CF
transporting Bax pore stayed open till the giant liposome is
completely emptied or if there were some closures they would
be very short so that CF release from the giant lipsome
appeared continuous.

Conclusion

The role of Bel-2-family proteins in programmed cell death is
one of integration. The proapoptotic proteins function by
integrating a large number of diverse afferent signals that
are focused on the control of Bax and/or Bak to release
cytochrome ¢ from the mitochondrion. Our data indicate that
Bax alone can form a cytochrome c¢ competent pore in
liposomes. The details of this activation include an in-
membrane monomer, dimer and tetramer. This series of
required protein—protein interactions offers a number of
potential sites for proapoptotic augmentation and inhibition



by antiapoptotic proteins. The concept of a mitochondrial
death decision point controlled by interaction between Bcl-2-
family proteins was a view that Stan Korsmeyer arrived at
early and promoted throughout his career. Stan invited me to
participate in the study of these phenomena and was always
intellectually generous in his support. We will all miss his
further contributions.
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