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Apoptosis: embedded in membranes
Christian Bogner1, Brian Leber1,2 and David W Andrews1
Many different signals for cell death converge on outer

mitochondrial membrane permeabilization, a process

controlled by the Bcl-2 family of proteins. Recent structural and

biochemical analyses emphasize that key regulatory

interactions between different classes of Bcl-2 family members

occur at and in intracellular membranes, and insertion into

membranes causes functionally important conformational

changes in the proteins.
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Introduction
In apoptosis that is initiated by stress internal to the cell,

the process can be divided into an initiation phase and an

execution phase where in most cell types the ‘decision’ to

enter the execution phase is regulated by the Bcl-2 family

of proteins. These proteins contain up to four regions of

sequence homology (BH1–BH4) and can be divided into

three structural and functional groups [1��]: anti-apoptotic

proteins like Bcl-2 and Bcl-XL contain all 4 BH regions,

the membrane permeabilizing pro-apoptotic proteins Bax

and Bak contain BH regions 1–3, and the BH3-only

proteins that respond to diverse forms of cellular stress.

Thus different types of pro-apoptotic signals activate

BH3-only proteins by several mechanisms including

increased protein levels owing to increased transcription

(PUMA [2]) or decreased turnover (Noxa [3]), post-trans-

lational modification (Bad [4]), proteolytic cleavage (Bid

[5]), or a change in binding partner and subcellular

localization (Bim [6]). The result of all these changes is

that the activated BH3-only proteins and possibly other

apoptosis regulators bind to one or more of the pro-

apoptotic or anti-apoptotic multi-domain Bcl-2 family

proteins. The balance between signaling from BH3
www.sciencedirect.com
proteins and the anti-apoptotic Bcl-2 family members

is integrated at the level of Bax or Bak, which when

activated oligomerize in the outer mitochondrial mem-

brane, thereby causing mitochondrial outer membrane

permeabilization (MOMP) [7]. The direct consequence

of MOMP is the release of inter-membrane space

proteins such as cytochrome c and smac/DIABLO into

the cytoplasm where they activate (or disinhibit) the

cascade of proteases (caspases) that cleave multiple sub-

strates thereby mediating the irreversible execution

phase of apoptosis.

Bcl-2 family members are Embedded
Together in membranes where they control
apoptosis
In cells the Bcl-2 family ‘interactome’ is likely to be

large, complex [8�,9,10,11,12��,13], and regulated by

multiple post-translational modifications [1��,14], (Bcl-

2 [15,16]), (Bax [17,18]), (Bad [19,20]), (Mcl-1 [21,22]).

To study the interactions of the core mechanisms that

form a basis for understanding the roles of these other

factors, several groups [23�,24] have used full-length

recombinant Bcl-2 family member proteins and purified

organelles or a liposome system to recapitulate the

events that regulate MOMP. One firm conclusion from

these investigations is that the crucial interactions be-

tween the different classes of Bcl-2 family members

happen at membranes, and can only be understood in

the context of membrane interactions [25��,26�,27�,28].

Furthermore it appears that many BH3-only proteins are

intrinsically disordered, and the BH3 region only

assumes its secondary structure after it binds to its

‘receptor’ anti-apoptotic protein. Thus dynamic confor-

mational control of function is noted in many contexts

[29]. These insights have been incorporated into a

model for apoptosis regulation called Embedded

Together (Figure 1). In this model two unique features

not previously included by two other major models (the

Derepression model and the Direct Activation model,

reviewed in [30�,31,32] and [23�,33,34��]) were intro-

duced: BH3-only proteins can both inhibit and activate

functions of anti-apoptotic Bcl-2 proteins and that many

of the functional interactions between the proteins occur
only in membranes because membrane binding induces the

unique conformational changes required for the inter-

actions. For example, by using an in vitro system, it was

unequivocally demonstrated that Bcl-XL bound to both

Bax and tBid (Figure 1a), but only on the membrane as the

binding to either protein was extremely weak or undetect-

able when membranes were absent [26�]. To be fully active

Bcl-XL must be triggered to bind to the membrane after or
concomitant with binding to tBid and/or Bax that themselves
Current Opinion in Cell Biology 2010, 22:845–851
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Figure 1

The Embedded Together Model. (a) Bcl-XL (purple) inhibits both tBid (blue) and Bax (green). Binding of Bcl-XL to tBid triggers insertion of Bcl-XL into

membranes. Once inserted in membranes, Bcl-XL (or Bcl-XL/tBid complexes) recruits other Bcl-XL proteins to insert into membranes. From this

location, Bcl-XL inhibits apoptosis through multiple mechanisms. 1) In membranes the affinity of Bcl-XL for tBid is higher than that between Bax and

tBid therefore, Bcl-XL sequesters tBid from recruiting Bax to the membrane. 2) Membrane-bound Bcl-XL prevents the conformation change in Bax that

occurs at the membrane that renders it ‘competent’ to bind to tBid. 3) Membrane-bound Bcl-XL binds to and inhibits the integral membrane

(oligomerization competent) form of Bax. The hierarchy of interactions depends on the relative binding affinities of the various proteins that change

when the proteins insert into membranes and in response to post-translational modifications (not shown). Apoptosis occurs when all available Bcl-XL

is bound to tBid and/or Bax, and additional tBid molecules then activate unbound Bax. Activated, membrane integrated Bax monomers can then

recruit more Bax proteins, leading to Bax oligomerization and permeabilization of the outer mitochondrial membrane. (b) Bcl-XL (purple) inhibits tBid

(blue) from activating Bax by binding it on the membrane. Bad (gray) binds to Bcl-XL on the membrane and can displace a previously bound tBid

molecule freeing it to bind to and activate Bax. The Embedded Together model proposes that BH3-only proteins can both inhibit and activate functions

of anti-apoptotic Bcl-2 proteins and that many of the functional interactions between the proteins occur only in membranes because interactions with

the membrane are required to induce the unique conformational changes required. A prediction of the Embedded Together model is that the

conformation of Bcl-XL bound to tBid in the membrane may differ from that of Bcl-XL bound to Bad.

Current Opinion in Cell Biology 2010, 22:845–851 www.sciencedirect.com
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are already membrane bound. By using a variety of mutants

that disrupt specific interactions between tBid or Bax and

Bcl-XL, it is clear that both interactions occur indepen-

dently. Furthermore when Bad binds to Bcl-XL, it can

displace a previously bound tBid molecule such that this

tBid is free to bind to and activate Bax, thereby causing

membrane permeabilization. Bad by itself does not acti-

vate Bax [27�] (Figure 1b). This difference in the behavior

of tBid and Bad is in concordance with the Direct Acti-

vation model in that the functional division of BH3-only

proteins is real and crucial to understand apoptosis. How-

ever, the Embedded Together model goes beyond this

distinction and proposes that BH3 proteins like tBid, as

well as activated Bax can cause Bcl-XL to insert into

membranes. Furthermore recombinant Bad spontaneously

inserts into membranes where it can recruit Bcl-XL to

insert into membranes [35]. However, unlike tBid, which is

held in check by binding to Bcl-XL, direct binding of Bad is

inhibitory to Bcl-XL function (Figure 1b). Therefore a

prediction of the Embedded Together model is that the

conformation of Bcl-XL bound to tBid in the membrane

would be different from that of Bcl-XL bound to Bad

(Figure 1b).

Bax conformational change is the rate-limiting
step in MOMP
By using fluorescently labeled Bcl-2 family member

proteins and lipids and measuring these interactions

with Fluorescence Resonance Energy Transfer (FRET)

and related techniques it is possible to examine in real

time and provide an order for the various steps that lead

to MOMP [27�]. These investigations demonstrated

that when cleaved by caspase 8 (its physiologic activa-

tor) cleaved Bid binds to the membrane as the first step,

which triggers dissociation of cleaved Bid into a p7

fragment that leaves the membrane, and a p15 fragment

(tBid) that inserts into the membrane. This is followed

by tBid binding to soluble Bax. These findings are

consistent with elegant structural work demonstrating

cleavage of Bid does not result in dissociation of the p7

and p15 fragments in aqueous solution [36]. From

previous work [37], it is likely that Bax interacts

transiently with the membrane to expose the 6A7

epitope as part of a conformational change that allows

soluble Bax to bind to membrane-bound tBid. After

binding to tBid, Bax inserts into the membrane (possibly

by simultaneously inserting helices 5, 6, and 9 [38�])
and then oligomerizes to permeabilize membranes

(Figure 1). By measuring these reactions simul-

taneously, it was determined that they occur as an

ordered series of events that ultimately culminates in

MOMP [27�]. Significantly Bax insertion into the mem-

brane was identified to be the rate-limiting step in this

process. These data confirm the importance of Bax

insertion into the membrane and oligomerization as

the crucial decision node in the commitment to the execu-

tion phase of apoptosis.
www.sciencedirect.com
Bcl-XL inhibits apoptosis by acting as a
dominant-negative Bax
Experiments using an in vitro system where the behavior

of individual components of the core machinery can be

investigated in detail have demonstrated significant paral-

lels between the behavior of Bcl-XL and Bax [26�]. Both

proteins are cytoplasmic or peripherally bound to mem-

branes, and can be recruited in supra-stoichiometric

excess into the membrane by tBid, indicating that tBid

may function catalytically. Insertion into the membrane

causes both proteins to change conformation (Figure 1a).

In a similar fashion, Bax and Bcl-XL can be recruited into

the membrane by activated Bax. However, for Bax and

Bcl-XL the consequences of these ‘behaviors’ are differ-

ent. Bcl-XL by binding to membrane-bound tBid seques-

ters it and prevents further activation of Bax. Yet when

Bcl-XL is bound to activated, membrane-bound Bax it

prevents further recruitment of soluble Bax and thereby

halts the homo-oligomerization process necessary for

membrane permeabilization (Figure 1a). This indicates

that Bcl-XL functions in a manner conceptually similar to

a dominant-negative Bax: Bcl-XL and Bax compete for

the same binding partners, but Bcl-XL does not propa-

gate oligomerization [26�].

The quaternary structure of Bcl-2 family
member complexes regulates MOMP
Bax must bind to other Bax molecules to oligomerize and

Bcl-XL binds to Bax to prevent this. Thus, determining the

stoichiometry and quaternary structure of the multi-

protein complexes that either promote or inhibit apoptosis

is crucial to understanding mechanism. One mode of

binding would be through an interaction between the

BH3 region on one protein, and the BH3 binding pocket

(formed by BH regions 1–3) on the second protein. This is

the well-recognized mode of binding between BH3-only

proteins, and Bcl-XL [39,40] and has also been described as

the means by which Bak forms homo-dimers [41��]. This

mode results in dimers that require a second binding

surface to assemble into larger complexes. It has been

proposed for Bak that the second binding surface involves

interactions between helix 6 of adjacent ‘symmetric

dimers’ [42] (Figure 2a). Recently another alternative

mode of binding has been described that would also allow

for oligomer propagation [43–45] (Figure 2b). By using a

‘stapled’ Bim BH3 peptide and Bax protein, NMR analysis

of the complex revealed a binding site for the peptide

located in a previously uncharacterized pocket in Bax

formed by helices 1 and 6, and the unstructured loop

connecting helices 1 and 2. The interaction of BH3 pep-

tides with this ‘rear pocket’ caused several conformational

changes in Bax including the flexible regions located

N-terminal and C-terminal to the helix 1. Because each

monomer in the Bax oligomer would use two different

surfaces to interact with neighboring Bax proteins, we

designate such a Bax oligomer as ‘asymmetric’ to dis-

tinguish it from the ‘symmetric’ oligomer proposed for
Current Opinion in Cell Biology 2010, 22:845–851
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Figure 2

Bax Dimer Formation and Domain Swapping. (a) Symmetrical Dimers: The BH3 domain of one Bax interacts with the BH3 binding groove of another.

Bax dimer formation causes a conformational change, which opens up a dimer interaction surface thereby permitting Bax dimers to join to each other

and form higher order oligomers. (b) Asymmetrical Dimers: The BH3 domain of an activated Bax can interact with the ‘rear pocket’ of another Bax. This

interaction causes a conformational change in Bax allowing the BH3 domain to be exposed such that it binds to the ‘rear pocket’ of an adjacent Bax.

This leads to oligomerization of Bax dimers and results in MOMP. (c) Domain swapping as a potential mechanism to explain dimerization/

oligomerization of pro-apoptotic and anti-apoptotic BH multi-domain proteins. The structures and models illustrated here are speculative.

i. Model of balanced domain swapping: A conformational change in a flexible region allows the black arrow in monomer 1 to substitute for the red arrow

in monomer 2. The red arrow substitutes for the black arrow in monomer 1. This would result in a symmetrical dimer.

ii. Model of unbalanced domain swapping: A conformation change in a flexible region allows the black arrow in monomer 1 to precisely substitute for the

red arrow in monomer 2, forming an asymmetrical dimer. The displaced red arrow can now domain swap with a third monomer to form a trimer, and so on.

Monomer 1 can also accept an arrow from another monomer thus allowing growth of the oligomer in both directions and permitting the formation of a

complete circle that may function as a pore.
Bak [42,46]. An ‘auto-activation’ model of interaction with

‘asymmetric’ dimer formation (Figure 2b) would allow

addition of a second Bax to the BH1-3 groove of the first

Bax without dissociating the BH3-only protein, since these

two interactions occur at opposite ‘sides’ of Bax. The

second Bax would then bind to the rear pocket on a third
Current Opinion in Cell Biology 2010, 22:845–851
Bax and thus propagate auto-activation to form the oligo-

mer without requiring the initial BH3 protein to dissociate.

While in both models the binding of the BH3-only protein

is ‘catalytic’ in causing a conformation change in Bax, it is

required for each step during oligomerization in the sym-

metric dimer model, but only to initiate oligomerization in
www.sciencedirect.com
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the asymmetric auto-activation model. However, recently

published results suggest [47] that dimerization of Bax

activated ‘in solution’ may involve additional surfaces

compared to those involved with membrane associated

dimerization.

Regardless of the binding surfaces involved, it is highly

likely that Bcl-2 family members undergo major confor-

mational changes in these complexes [48,49] and that it is

possible for subunits to exchange as evidenced by the

25 nM apparent Kd for tBid binding to Bax in membranes

[27�]. One type of conformational change for which in
vitro evidence exists in this context is three-dimensional

domain swapping (3DDS) between adjacent monomers

in the complex (Figure 2ci). Dimerization of Bcl-XL

mediated by three-dimensional domain swapping at

alkaline pH has been well described [50]. Dimerization

by a-helix swapping confirmed by nuclear magnetic

resonance (NMR) spectroscopy has also been observed

in a recent publication where heat was used to induce

dimer formation [51�]. Bcl-XL 3DDS dimers exhibited

some membrane permeabilizing activity compared to

monomers in this artificial system, suggesting that similar

3DDS dimers may act as intermediates in membrane pore

formation by Bax (shown schematically in Figure 2cii).

Though dimerization and BH3-peptide binding take

place at different sites of the Bcl-XL protein, the inter-

conversion process (monomers to dimers) was found to be

significantly slowed down by BH3-peptide binding

[52,53], consistent with the allosteric regulation of

multi-domain Bcl-2 family members by BH3-only

proteins. Determining whether such structures occur in

the more physiologic context of membrane-bound Bcl-2

family members is an important area of investigation.

Conclusions
The importance of apoptosis and the crucial role of the

Bcl-2 family of proteins have been intensively investi-

gated for more than 15 years [54�]. The first phase of

investigating apoptosis in which the components of the

core machinery are identified is at a mature, but not yet

complete stage [1��,55]. The second phase that is cur-

rently underway, provided order to the list of com-

ponents, categorized them into subgroups, and

identified many (but not likely all) relevant interacting

partners [1��]. Determining the relative affinities of these

various interactions in a rigorous and quantitative fashion

in the context of physiologic membranes is an important

next step. The third phase of investigating apoptosis,

which is in its infancy, will yield a detailed understanding

of the structure of the components in functional com-

plexes in membranes [41,38�,51�,56] and the molecular

mechanisms that regulate the interactions among Bcl-2

family members. Deep understanding of the entire pro-

cess of apoptosis will come with a quantitative analysis of

these interactions, and how they interface with the sig-

naling pathways that lead to their initiation [57].
www.sciencedirect.com
Conflict of interest
The authors declare no conflict of interest.

Acknowledgements
Work from our laboratories cited in this review was supported by a Canadian
Institute of Health Research (CIHR) grant to DWA and BL, a Tier I
Canada Research Chair in Membrane Biogenesis to DWA, and a DFG
(Deutsche Forschungsgemeinschaft) grant Bo 3531/1-1 to CB. We apologize
to colleagues whose work could not be cited or highlighted owing to space
restrictions.

References and recommended reading
Papers of particular interest, published within the annual period of
review, have been highlighted as:

� of special interest

�� of outstanding interest

1.
��

Youle RJ, Strasser A: The BCL-2 protein family: opposing
activities that mediate cell death. Nat Rev Mol Cell Biol 2008,
9:47-59.

The authors provide a broad and incisive review of the whole spectrum of
Bcl-2 family proteins. They review structure, function, interactions, and
subcellular localizations of Bcl-2 family proteins related to mitochondria
alteration and apoptosis.

2. Yu J, Zhang L: PUMA, a potent killer with or without p53.
Oncogene 2008, 27:S71-S83.

3. Ploner C, Kofler R, Villunger A: Noxa: at the tip of the balance
between life and death. Oncogene 2008, 27:S84-S92.

4. Danial NN: BAD: undertaker by night, candyman by day.
Oncogene 2008, 27:S53-S70.

5. Billen LP, Shamas-Din A, Andrews DW: Bid: a Bax-like BH3
protein. Oncogene 2008, 27:S93-S104.

6. Pinon JD, Labi V, Egle A, Villunger A: Bmf and Bmf in tissue
homeostasis and malignant disease. Oncogene 2008,
27:S41-S52.

7. Wei MC, Zong WX, Cheng EH, Lindsten T, Panoutsakopoulou V,
Ross AJ, Roth KA, MacGregor GR, Thompson CB, Korsmeyer SJ:
Proapoptotic BAX and BAK: a requisite gateway to
mitochondrial dysfunction and death. Science 2001,
292:727-730.

8.
�

Oltvai ZN, Milliman CL, Korsmeyer SJ: Bcl-2 heterodimerizes in
vivo with a conserved homolog, Bax, that accelerates
programmed cell death. Cell 1993, 74:609-619.

The pioneering description of Bcl-2-Bax interactions including
Bax homodimerization and Bcl-2-Bax heterodimerization. Based
on their findings the authors propose a model in which the ratio
of Bcl-2 to Bax determines survival or death following an apoptotic
stimulus.

9. Tan KO, Tan KM, Chan SL, Yee KS, Bevort M, Ang KC, Yu VC:
MAP-1, a novel proapoptotic protein containing a BH3-like
motif that associates with Bax through its Bcl-2 homology
domains. J Biol Chem 2001, 276:2802-2807.

10. Tan KO, Fu NY, Sukumaran SK, Chan SL, Kang JH, Poon KL,
Chen BS, Yu VC: MAP-1 is a mitochondrial effector of Bax. Proc
Natl Acad Sci USA 2005, 102:14623-14628.

11. Grinberg M, Schwarz M, Zaltsman Y, Eini T, Niv H, Pietrokovski S,
Gross A: Mitochondrial carrier homolog 2 is a target of tBID in
cells signaled to die by tumor necrosis factor alpha. Mol Cell
Biol 2005, 25:4579-4590.

12.
��

Schwarz M, Andrade-Navarro MA, Gross A: Mitochondrial
carriers and pores: key regulators of the mitochondrial
apoptotic program? Apoptosis 2007, 12:869-876.

The authors provide a comprehensive review of the role of Mitochondrial
carriers and pores in mitochondrial function in general, and more spe-
cifically in the regulation of the mitochondrial death pathway.

13. Zaltsman Y, Shachnai L, Yivgi-Ohana N, Schwarz M,
Maryanovich M, Houtkooper RH, Vaz FM, De Leonardis F,
Fiermonte G, Palmieri F et al.: MTCH2/MIMP is a major facilitator
Current Opinion in Cell Biology 2010, 22:845–851



850 Cell division, growth and death
of tBID recruitment to mitochondria. Nat Cell Biol 2010,
12:553-562.

14. Danial NN, Korsmeyer SJ: Cell death: critical control points. Cell
2004, 116:205-219.

15. Ito T, Deng X, Carr B, May WS: Bcl-2 phosphorylation
required for anti-apoptosis function. J Biol Chem 1997,
272:11671-11673.

16. Deng X, Gao F, Flagg T, May WS Jr: Mono- and multisite
phosphorylation enhances Bcl2s antiapoptotic function and
inhibition of cell cycle entry functions. Proc Natl Acad Sci USA
2004, 101:153-158.

17. Gardai SJ, Hildeman DA, Frankel SK, Whitlock BB, Frasch SC,
Borregaard N, Marrack P, Bratton DL, Henson PM:
Phosphorylation of Bax Ser184 by Akt regulates its activity and
apoptosis in neutrophils. J Biol Chem 2004, 279:21085-21095.

18. Arokium H, Ouerfelli H, Velours G, Camougrand N, Vallette FM,
Manon S: Substitutions of potentially phosphorylatable serine
residues of Bax reveal how they may regulate its interaction
with mitochondria. J Biol Chem 2007, 282:35104-35112.

19. Wang HG, Rapp UR, Reed JC: Bcl-2 targets the protein kinase
Raf-1 to mitochondria. Cell 1996, 87:629-638.

20. Datta SR, Dudek H, Tao X, Masters S, Fu H, Gotoh Y,
Greenberg ME: Akt phosphorylation of BAD couples survival
signals to the cell-intrinsic death machinery. Cell 1997, 91:231-
241.

21. Warr MR, Acoca S, Liu Z, Germain M, Watson M, Blanchette M,
Wing SS, Shore GC: BH3-ligand regulates access of MCL-1 to
its E3 ligase. FEBS Lett 2005, 579:5603-5608.

22. Zhong Q, Gao W, Du F, Wang X: Mule/ARF-BP1, a BH3-only E3
ubiquitin ligase, catalyzes the polyubiquitination of Mcl-1 and
regulates apoptosis. Cell 2005, 121:1085-1095.

23.
�

Kuwana T, Mackey MR, Perkins G, Ellisman MH, Latterich M,
Schneiter R, Green DR, Newmeyer DD: Bid, Bax, and lipids
cooperate to form supramolecular openings in the outer
mitochondrial membrane. Cell 2002, 111:331-342.

Membrane permeabilization is investigated using a cell free system with
liposomes. The authors conclude that mitochondrial protein release in
apoptosis is mediated by the formation of pores in the outer mitochondrial
membrane, promoted by BH3/Bax/lipid interactions and directly inhibited
by Bcl-XL. These results form the foundation of the Direct Activation
Model.

24. Yethon JA, Epand RF, Leber B, Epand RM, Andrews DW:
Interaction with a membrane surface triggers a reversible
conformational change in Bax normally associated with
induction of apoptosis. J Biol Chem 2003, 278:48935-48941.

25.
��

Leber B, Lin JL, Andrews DW: Embedded together: the life and
death consequences of interaction of the Bcl-2 family with
membranes. Apoptosis 2007, 12:897-911.

The Embedded Together Model is proposed and compared with the two
other major models (the Derepression and Direct Activation models)
based on an extensive review of the literature.

26.
�

Billen LP, Kokoski CL, Lovell JF, Leber B, Andrews DW: Bcl-XL
inhibits membrane permeabilization by competing with Bax.
PLoS Biol 2008, 6:1268-1280.

The mechanisms of Bax activation by tBid and its inhibition by Bcl-XL are
examined using full-length recombinant proteins and measuring permea-
bilization of liposomes and mitochondria in vitro. The conclusion is that
Bcl-XL has multiple modes of action that can be summarized as function-
ing like a dominant-negative Bax.

27.
�

Lovell JF, Billen LP, Bindner S, Shamas-Din A, Fradin C, Leber B,
Andrews DW: Membrane binding by tBid initiates an ordered
series of events culminating in membrane permeabilization by
Bax. Cell 2008, 135:1074-1084.

By measuring multiple interactions between Bcl-2 family members and
liposomes simultaneously, membrane permeabilization is resolved into
an ordered series of steps (1) tBid rapidly binds to membranes, where (2)
tBid interacts with Bax, causing (3) Bax insertion into membranes and (4)
oligomerization, culminating in (5) membrane permeabilization.

28. Leber B, Lin JL, Andrews DW: Still Embedded Together-binding
to membranes regulates Bcl-2 protein interactions. Oncogene
2010, 29:5221-5230.
Current Opinion in Cell Biology 2010, 22:845–851
29. Rautureau GJ, Day CL, Hinds MG: Intrinsically disordered
proteins in bcl-2 regulated apoptosis. Int J Mol Sci 2010,
11:1808-1824.

30.
�

Willis SN, Fletcher JI, Kaufmann T, van Delft MF, Chen L,
Czabotar PE, Ierino H, Lee EF, Fairlie WD, Bouillet P et al.:
Apoptosis initiated when BH3 ligands engage multiple Bcl-2
homologs, not Bax or Bak. Science 2007, 315:856-859.

Strong experimental evidence using a variety of techniques for the
Derepression Model that postulates that Bax and Bak are constitutively
active and therefore can mediate apoptosis without binding to BH3-only
activators (Bim, Bid, and Puma). Their results indicate that BH3-only
proteins induce apoptosis by preventing the different pro-survival family
members from binding to Bax and Bak.

31. Willis SN, Chen L, Dewson G, Wei A, Naik E, Fletcher JI,
Adams JM, Huang DC: Proapoptotic Bak is sequestered by
Mcl-1 and Bcl-xL, but not Bcl-2, until displaced by BH3-only
proteins. Genes Dev 2005, 19:1294-1305.

32. Chen L, Willis SN, Wei A, Smith BJ, Fletcher JI, Hinds MG,
Colman PM, Day CL, Adams JM, Huang DC: Differential
targeting of prosurvival Bcl-2 proteins by their BH3-only
ligands allows complementary apoptotic function. Mol Cell
2005, 17:393-403.

33. Letai A, Bassik MC, Walensky LD, Sorcinelli MD, Weiler S,
Korsmeyer SJ: Distinct BH3 domains either sensitize or
activate mitochondrial apoptosis, serving as prototype cancer
therapeutics. Cancer Cell 2002, 2:183-192.

34.
��

Kim H, Rafiuddin-Shah M, Tu HC, Jeffers JR, Zambetti GP,
Hsieh JJ, Cheng EH: Hierarchical regulation of mitochondrion-
dependent apoptosis by BCL-2 subfamilies. Nat Cell Biol 2006,
8:1348-1358.

The major formulation of the Direct Activation Model in which BH3-only
proteins BIM and PUMA activate Bax/Bak, to release cytochrome c. The
anti-apoptotic proteins BCL-2–BCL-XL–MCL-1 sequester these ‘activa-
tor’ BH3-only molecules preventing the activation of BAX–BAK.

35. Jeong SY, Gaume B, Lee YJ, Hsu YT, Ryu SW, Yoon SH, Youle RJ:
Bcl-x(L) sequesters its C-terminal membrane anchor in
soluble, cytosolic homodimers. EMBO J 2004, 23:2146-2155.

36. Chou JJ, Li H, Salvesen GS, Yuan J, Wagner G: Solution
structure of BID, an intracellular amplifier of apoptotic
signaling. Cell 1999, 96:615-624.

37. Yethon JA, Epand RF, Leber B, Epand RM, Andrews DW:
Interaction with a membrane surface triggers a reversible
conformational change in Bax normally associated with
induction of apoptosis. J Biol Chem. 2003, 278:48935-48941.

38.
�

Annis MG, Dlugosz PJ, Cruz-Aguado JA, Penn LZ, Leber B,
Andrews DW: Bax forms multispanning monomers that
oligomerize to permeabilize membranes during apoptosis.
EMBO J 2005, 24:2096-2103.

The Investigation of Bax membrane insertion using c-myc knockout
cells as a model system indicating that both the ‘pore domain’
(helices alpha5–alpha6), and the tail-anchor (helix alpha9) of Bax are
inserted into membranes before oligomerization and membrane
permeabilization. Therefore unlike most pore-forming proteins, Bax
membrane permeabilization results from oligomerization of transmem-
brane monomers rather than insertion of the pore domains of a pre-
formed oligomer.

39. Kelekar A, Chang BS, Harlan JE, Fesik SW, Thompson CB: Bad is
a BH3 domain-containing protein that forms an inactivating
dimer with Bcl-XL. Mol Cell Biol 1997, 17:7040-7046.

40. Degterev A, Lugovskoy A, Cardone M, Mulley B, Wagner G,
Mitchison T, Yuan J: Identification of small-molecule inhibitors
of interaction between the BH3 domain and Bcl-xL. Nat Cell
Biol 2001, 3:173-182.

41.
��

Dewson G, Kratina T, Sim HW, Puthalakath H, Adams JM,
Colman PM, Kluck RM: To trigger apoptosis, Bak exposes its
BH3 domain and homodimerizes via BH3:groove interactions.
Mol Cell 2008, 30:369-380.

An influential description of Bak homo-dimerization demonstrating that
the insertion of a BH3 domain of one Bak molecule into the groove of
another produces symmetric Bak dimers. The authors show that the
BH3:groove interaction is essential to nucleate Bak oligomerization,
which in turn is required for its pro-apoptotic function.
www.sciencedirect.com



Apoptosis: embedded in membranes Bogner, Leber and Andrews 851
42. Dewson G, Kratina T, Czabotar P, Day CL, Adams JM, Kluck RM:
Bak activation for apoptosis involves oligomerization of
dimers via their alpha 6 helices. Mol Cell 2009, 36:696-703.

43. Gavathiotis E, Suzuki M, Davis ML, Pitter K, Bird GH, Katz SG,
Tu HC, Kim H, Cheng EHY, Tjandra N et al.: BAX activation is
initiated at a novel interaction site. Nature 2008, 455:
1076-11076.

44. Green DR, Chipuk JE: Apoptosis—stabbed in the BAX. Nature
2008, 455:1047-1049.

45. Czabotar PE, Colman PM, Huang DCS: Bax activation by Bim?
Cell Death Differ 2009, 16:1187-1191.

46. Dewson G, Kluck RM: Mechanisms by which Bak and Bax
permeabilise mitochondria during apoptosis. J Cell Sci 2009,
122:2801-2808.

47. Zhang Z, Zhu W, Lapolla SM, Miao Y, Shao Y, Falcone M,
Boreham D, McFarlane N, Ding J, Johnson AE et al.: Bax forms an
oligomer via separate, yet interdependent, surfaces. J Biol
Chem 2010, 285:17614-17627.

48. Antonsson B, Montessuit S, Sanchez B, Martinou JC: Bax is
present as a high molecular weight oligomer/complex in the
mitochondrial membrane of apoptotic cells. J Biol Chem 2001,
276:11615-11623.

49. Jeong SY, Gaume B, Lee YJ, Hsu YT, Ryu SW, Yoon SH, Youle RJ:
Bcl-x (L) sequesters its C-terminal membrane anchor in
soluble, cytosolic homodimers. EMBO J 2004, 23:2146-2155.

50. O’Neill JW, Manion MK, Maguire B, Hockenbery DM: BCL-XL
dimerization by three-dimensional domain swapping. J Mol
Biol 2006, 356:367-381.
www.sciencedirect.com
51.
�

Denisov AY, Sprules T, Fraser J, Kozlov G, Gehring K: Heat-
induced dimerization of BCL-xL through alpha-helix
swapping. Biochemistry 2007, 46:734-740.

Heat induced Bcl-XL dimerization is used to examine the structure. The
authors propose that the BCL-XL 3 dimension domain-swapped dimers
they observed may act as intermediates in membrane pore formation.

52. Diaz JL, Oltersdorf T, Horne W, McConnell M, Wilson G, Weeks S,
Garcia T, Fritz LC: A common binding site mediates
heterodimerization and homodimerization of Bcl-2 family
members. J Biol Chem 1997, 272:11350-11355.

53. Xie Z, Schendel S, Matsuyama S, Reed JC: Acidic pH promotes
dimerization of Bcl-2 family proteins. Biochemistry 1998,
37:6410-6418.

54.
�

Cotter TG: Apoptosis and cancer: the genesis of a research
field. Nat Rev Cancer 2009, 9:501-507.

The author provides an important historical overview of apoptosis biology
in the context of how this concept has fundamentally altered our under-
standing of how cancer develops and evades therapy.

55. Chipuk JE, Fisher JC, Dillon CP, Kriwacki RW, Kuwana T,
Green DR: Mechanism of apoptosis induction by inhibition of
the anti-apoptotic BCL-2 proteins. Proc Natl Acad Sci USA
2008, 105:20327-20332.

56. Kim H, Tu HC, Ren D, Takeuchi O, Jeffers JR, Zambetti GP,
Hsieh JJ, Cheng EH: Stepwise activation of BAX and BAK by
tBID, BIM, and PUMA initiates mitochondrial apoptosis. Mol
Cell 2009, 36:487-499.

57. Albeck JG, Burke JM, Aldridge BB, Zhang M, Lauffenburger DA,
Sorger PK: Quantitative analysis of pathways controlling
extrinsic apoptosis in single cells. Mol Cell 2008, 30:11-25.
Current Opinion in Cell Biology 2010, 22:845–851


	Apoptosis: embedded in membranes
	Introduction
	Bcl-2 family members are Embedded Together in membranes where they control apoptosis
	Bax conformational change is the rate-limiting step in MOMP
	Bcl-XL inhibits apoptosis by acting as a dominant-negative Bax
	The quaternary structure of Bcl-2 family member complexes regulates MOMP
	Conclusions
	Conflict of interest
	Acknowledgements
	References and recommended reading


