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ABSTRACT
Apoptosis regulation by Bcl-2 proteins is pivotal for mammalians, not only because it is key for
development but also because aberrant apoptosis is prerequisite to severe diseases, like cancer. Recently,
we quantified interactions within the Bcl-2 protein network in solution and membranes, and addressed
membrane recruitment, preference of interaction partners and the consequences for Bax activation and
inhibition.
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The Bcl-2 protein family regulates mitochondrial outer mem-
brane permeabilization (MOMP) and cell death. Several family
members have become targets for anti-cancer drug develop-
ment as well as in cancer diagnostics. However, in order to pre-
dict and manipulate cancer cell death by apoptosis, a deep and
detailed understanding of the underlying mechanisms is neces-
sary, including the structure, function and interactions between
the different Bcl-2 family members. We addressed these ques-
tions in previous studies, with our most recent study addressing
the integration of interaction network in the cytosol and mem-
brane compartment, which provides a new integrated model
how the Bcl-2 family regulates apoptosis.1

About twenty Bcl-2 proteins are known and interact with
each other to form a complex network. Contacts are made
in two very different environments: the hydrophilic 3D
cytosol and the hydrophobic 2D outer mitochondrial mem-
brane. We focused on three representative Bcl-2 proteins
cBid (Caspase 8 cleaved Bid), Bax and Bcl-xL that are all
able to adopt soluble or membrane-embedded conforma-
tions.2,3 One would also need to consider the protein con-
centrations in the human body to integrate the network,
but existing data suggest a large variation between different
cell types and individual humans.4

For proper understanding of MOMP regulation and execu-
tion, the transformation from soluble, inactive Bax (or its
homolog Bak) to the oligomeric, membrane-embedded form
inducing MOMP is crucial and needs to be addressed beyond
all others. All other players in the network activate, accelerate
or inhibit this conformational changes. Bax conformational
changes involve at least five steps: 1) Soluble Bax binds loosely
to the membrane2 and afterwards 2) it inserts deeply into the
membrane.5,6 3) Then homo-dimers are formed6–8 that 4)
assemble into higher order oligomers,6,7 which 5) provokes
changes in the lipid bilayer that enable stable, toroidal pores9,10

(Figure 1A). Based on these five transitions, six conformational
forms of Bax exist (States a-f see Figure 1A).

Our recent work addresses the interactions between Bax, it
best-studied activator cBid and the apoptosis inhibitor Bcl-xL.
We investigated them in their soluble and membrane-embed-
ded states using a minimalistic model membrane setup,1 which
allowed us a tight control over each factor (e.g. protein concen-
tration, lipid composition, pH and salt concentration), so that
the impact of disturbances or variations can be directly fol-
lowed. In cells this is impossible, due to the complexity of
parameters and the existence of unknown effects.

Upon co-incubation, cBid, Bax and Bcl-xL form a network
of at least twelve components/complexes with six of them
detected in solution and the other six in the membrane
(Figure 1B). In solution, Bcl-xL assembles into very stable
homodimers that are in equilibrium with cBid/Bcl-xL hetero-
dimers. In contrast, Bax is monomeric in solution.1 This soluble
state “a” is in equilibrium with a loosely membrane-attached
state “b” of Bax, which is the prerequisite for the transition into
the membrane-embedded states c-f. One mechanism how Bcl-
xL inhibits Bax is by translocating it back from the membrane
into solution. Two mechanisms have been suggested for this
retro-translocation (Figure 1C): Schellenberg et al. suggest that
Bcl-xL shifts the equilibrium between Bax state a and b towards
a, so that the transition into state c-f is hindered2 while Edlich
et al. implies that Bcl-xL is able retro-translocate membrane
inserted Bax.3 For the first time, we detected retro-translocation
in a reconstituted model-membrane system1, which demon-
strated that Bcl-xL alone is sufficient, but we could not clarify
the mechanism. However, the formation of very stable Bcl-xL
dimers in solution could be the driving force for separating
Bcl-xL/Bax complexes once they leave the membrane.

Additionally, we examined how the transition from states b
to c takes place (Fig. 1C). Since more than decade it is heavily
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discussed whether Bax needs a direct activator or is constitu-
tively activated in absence of inhibitors. In the meantime we
learned that both mechanisms take place: Bax activation is
strongly enhanced by direct activators like cBid,8 but in their
absence Bax can also auto-activate itself.6,11 State c is likely
transient and could only observed using biochemical tricks.5,6

We hypothesize that the transient, membrane-bound cBid/Bax
complex detected is the most relevant stage between Bax mem-
brane insertion and homo-dimerization1 (Fig. 1C). Membrane-
embedded Bax can then recruit additional soluble or mem-
brane-bound Bax molecules into the membrane-embedded

states. We call this process recruitment, as this mechanism is
also observed for other Bcl-2 proteins: cBid recruits Bax and
Bcl-xL to insert into the membrane;8 membrane-embedded
Bax recruits soluble Bax1 and our new data show that mem-
brane-embedded Bax additionally recruits Bcl-xL1 (Fig. 1C).

Bcl-xL inhibition of Bax takes place by least are two more
mechanisms additionally to the retro-translocation: indirectly
by sequestering cBid and directly by interaction with mem-
brane-embedded Bax.1 However, which transitions in the pro-
cess of Bax activation are concretely inhibited by the Bax/Bcl-
xL complex formation remain unknown (Fig. 1C).

Figure 1. Regulation and mutual interaction of Bcl-2 family proteins. A) Conformational changes during Bax activation. To transform from the soluble to the pore forming
conformation, Bax needs to undergo at least five transitions (transition 1 to 5), so that at least six conformational states (a-f) exist. B) Schematic drawing of the twelve spa-
tially-resolved protein/protein complexes identified upon co-incubation of cBid, Bax and Bcl-xL1. C) Diagram on how cBid and Bcl-xL, as well as Bax itself, regulate the five
conformational transitions of Bax introduced in A). D) Schematic drawing of preferential complexes formed by full length and C-terminus-truncated Bcl-xL.
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For a detailed understanding of the network the preference
of interaction partners needs to be addressed and here we made
a surprising observation. In solution full length Bcl-xL formed
homo- and heterodimers with cBid with similar affinities. How-
ever, when the C-terminal transmembrane helix of Bcl-xL was
removed homodimer formation was not detectable1 (Fig. 1D).
Moreover, the C-terminal truncation affects the preference of
interaction partners in membrane-embedded Bcl-xL. While the
full length protein preferentially forms cBid/Bcl-xL over Bax/
Bcl-xL complexes,1 the truncated form loses this preference1

(Fig. 1D). This supports the role of the C-terminal tails in com-
plex formation and brings a note of caution that truncated pro-
tein variants should be used with care.

Next steps on the road towards manipulation of cells with
aberrant apoptosis should be a detailed analysis of the struc-
tures of homo-and hetero-complexes in their transition to the
membrane-embedded conformations.
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