
Review

Bax activation by Bim?

PE Czabotar*,1, PM Colman1 and DCS Huang*,1

The mechanism by which the cell death mediator Bax becomes activated to cause mitochondrial damage, a key step for the
intrinsic pathway to apoptosis, remain highly contentious. Although some data support a role for certain BH3-only proteins, such
as Bim or tBid, to directly activate Bax, others have led to the conclusion that BH3-only proteins act indirectly by antagonizing
the prosurvival Bcl-2 proteins, thereby allowing Bax activation to proceed. A recent paper in Nature by Gavathiotis et al. provides
the first biophysical evidence for a direct interaction between a BH3 domain, that of Bim, with Bax. Here, we review these
intriguing observations and discuss their implications for our understanding of how the BH3-only proteins initiate apoptosis.
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The Bcl-2 protein family lies at the heart of the intrinsic
pathway to apoptosis, the interactions between them being
central to determining if a cell lives or dies.1 Members of this
family can either promote or block cell survival. Bcl-2 itself and
closely related proteins such as Bcl-xL, Bcl-w, Mcl-1 and A1
impose cell survival, their action countered by the related
proapoptotic proteins. These family members share regions
of primary sequence and structural similarity. The prosurvival
proteins and the cell death mediators Bax and Bak display
four conserved Bcl-2 homology (BH) domains,2 in addition to a
C-terminal membrane anchor. Remarkably, the prosurvival
proteins such as Bcl-xL

3 and proapoptotic Bax,4 or Bak,5 have
a common structural fold (Figure 1).

The other subclass of proapoptotic proteins are the
BH3-only proteins, which includes Bim, Bid, Puma, Noxa
and Bad. As the name suggests, these proteins possess only
the BH3 domain, and, unlike the multidomain proteins Bax
and Bak that mediate mitochondrial damage,6–8 they act at an
apical step to initiate apoptosis.9,10 The BH3-only proteins are
intrinsically unstructured proteins,11 but their BH3 domains
form amphipathic a-helices on binding to the hydrophobic
groove on the surface of the prosurvival proteins (Figure 1a).
Among the BH3-only proteins, Bid is unique in that it adopts
the same structure as multidomain Bcl-2 family proteins12,13

and contains the BH4 motif within the a1 helix which is
common to proteins with the Bcl-2 protein fold 4. Whether
inactivating the prosurvival proteins is the only, or critical,
action of the BH3-only proteins is the subject of much debate.

During apoptosis Bax and/or Bak assemble into large
homo-oligomers that damage the outer mitochondrial
membrane, consequently becoming permeable to proteins
normally constrained within the intermembrane space of the
mitochondria. The release of factors, such as cytochrome c,
trigger activation of the initiator caspase, caspase-9, setting

off a chain of events leading to the eventual destruction of the
cell. Precisely, how the BH3-only proteins trigger Bax and/or
Bak activation is uncertain. It has been proposed that Bax and
Bak are held in check by prosurvival proteins.14,15 On receipt
of an apoptotic stimulus, activated BH3-only proteins remove
Bax and Bak from the prosurvival constraints to promote their
activation indirectly. However, this model (Figure 2a) appears
to be in conflict with the absence of significant amounts of
Bax and Bak in complex with the prosurvival proteins. Indeed,
in most cell types, Bax is located in the cytosol,16,17 away from
the intracellular membranes where Bcl-2 and its close
relatives are found.

Alternatively, it has been suggested that a subset of the
BH3-only proteins, the so-called activators, such as Bim, Bid
and Puma, are capable of directly activating Bax and Bak
unless kept in check by the prosurvival proteins.18–22 This
threshold can be breached by the action of sensitizer BH3-
only proteins, such as Bad and Noxa, which displace the
activators to promote Bax and Bak activation. Furthermore,
binding of the BH3-only proteins, potentially into the hydro-
phobic groove of Bax, akin to binding the prosurvival proteins,
may promote translocation of Bax to the mitochondrial
membranes because the putative transmembrane domain
normally accommodated in the groove would be displaced
(Figure 1b).

Although the interaction of the BH3-only proteins with the
prosurvival Bcl-2-like proteins can be readily demonstrated,
evidence for a direct interaction with Bax or Bak has so far
been lacking. In an important advance, Gavathiotis et al. have
been able to use NMR to derive a model for the interaction
between a stapled BimBH3 peptide and Bax.23 The in vitro
action of the stapled BimBH3 peptide has provoked further
discussions of how BH3-only proteins, in particular Bim, can
drive Bax activation through direct physical contact.24
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Stapled BH3 Peptides

As most BH3 domain polypeptides are unstructured,11

Walensky and colleagues developed a neat approach to lock
these domains in a helical conformation, as seen in their
complexes with the prosurvival proteins. They have syn-
thesized hydrocarbon-stapled BH3 peptides that display
enhanced helicity in the absence of a binding partner.25,26

To construct such peptides, two residues predicted to be on
the same face of the helix, are replaced with (S)-pentenyl
alanine derivatives and then joined by a metathesis reaction.

Such peptides, dubbed ‘stabilized a-helix of Bcl-2 domains’
(SAHB), display enhanced binding affinities for prosurvival
proteins. 26 In particular, the threefold increase in affinity of the
stapled BimBH3 over its parent for Bcl-xL (16 nM compared
with 52 nM, respectively, in fluorescence polarization assays)
accords with the reported fourfold increase in helicity of the
peptide on stapling. Stapled BimBH3 peptides also displayed
binding activity for Bax (24 nM) in fluorescence polarization
assays but, curiously, no binding to Bax with the unstapled
Bim peptide was detected. One explanation for these in vitro
data is that the artificial staple actively participates in the
interaction and substantially contributes to the interaction with
Bax, other than by promoting helical propensity.

Regardless, the stapled BimBH3 peptide induces oligo-
merization and a conformational change in recombinant
Bax, consistent with that seen in cells undergoing apoptosis.
Bax-mediated membrane permeabilization is also enhanced
by stapled BimBH3 as demonstrated with release of labelled
dextran from liposomes or cytochrome c from mitochondria.
These observations are consistent with, and extend, previous
observations using stapled BidBH3 peptides.

A Model for the Stapled BimBH3/Bax Interaction

This group has now utilized 1H-15N heteronuclear single
quantum coherence (HSQC) experiments to map an inter-
action site for stapled BimBH3 on Bax. NMR peaks in fast
exchange are restricted to residues on the a1, a1–a2 loop and
a6 of Bax, albeit with small chemical shifts. This places the
interaction surface on Bax at a site distinct from the canonical
BH3 interaction groove on prosurvival proteins (Figures 1a
and 3). We note that fast exchange reported here is indicative
of considerably weaker affinity than the value previously
reported by these same authors 26 for the stapled BimBH3/
Bax interaction, 24 nM.

Further characterization of the stapled BimBH3/Bax
interaction by standard NMR methods was confounded
by the aggregation of Bax on addition of stapled BimBH3.
To overcome this limitation, paramagnetic relaxation en-
hancement (PRE) was used to further investigate the stapled

Figure 1 Similar structural folds of the multidomain Bcl-2 family proteins. (a) A
well-characterized hydrophobic groove on surface of Bcl-2 prosurvival proteins is
the site of interaction for BH3 domains, as displayed in the Mcl-1/BimBH3 complex
(PDB ID: 2NL9; BimBH3 coloured magenta).31 (b) In the case of the soluble,
inactive cell death mediator Bax, this groove is occupied by its putative
transmembrane anchor (coloured orange) (PDB ID: 1F16)4
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Figure 2 BH3-only proteins can trigger the activation of Bax and Bak, either (a)
indirectly, by inactivating the prosurvival Bcl-2 proteins, or (b) directly
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BimBH3/Bax complex. This method has recently been shown
to be useful for the characterization of low affinity interactions
in a variety of systems.28,29

Use of PRE allowed for residues on Bax in the vicinity of the
paramagnetic label on the peptide to be identified. Placing the
label at the N terminus of the stapled BimBH3 peptide
identified residues within a6, a1, a1–a2 loop and a4 of Bax.
Alternatively, placement of the label at the C terminus of the
peptide identifies residues mostly within a1 and also within a6.
From such data, the authors calculated a model for the stapled
BimBH3/Bax complex using distance restraints from the
PRE measurements and published structures for Bax4 and
BimBH3 in complex with Mcl-1 (PDB ID: 2PQK). Readers not
familiar with these techniques may assume that Gavathiotis
et al. have determined a de novo structure of a complex
between Bax and BimBH3.

The NMR data support the conclusion that on binding
the stapled BimBH3 peptide, the Bax structure is only
mildly perturbed from the published structure of free Bax as
presented in the Bax/BimBH3 model. The Bax aggregation
observed in the presence of stapled BimBH3 suggests that
this interaction probably induces larger scale conformational
changes in Bax. Regardless, no data are provided to support
the conclusion that the stapled peptide remains helical beyond
the bounds of the staple when it binds to Bax as presented in
the model. The label used for the PRE experiments is
attached in two different places in the Bim peptide, residue
147 or 164 (numbering based on human BimEL). A staple
placed between residues 154 and 158 would suggest that the
central portion of the peptide is helical. If the connecting
sequences N- or C terminal to the PRE labels are indeed
helical, then the distances from the labels to the staple are
each of the order of 10Å. If, on the other hand, these
sequences fold as extended strands when the peptide binds
to Bax, these distances could approach 20Å, with concomitant
consequences on modelling the interaction between the
peptide and Bax.

The calculated model of the stapled BimBH3/Bax complex
places the peptide, unexpectedly, within a groove on the a1/a6
surface of the protein. The a1–a2 loop of Bax, which displays
some flexibility in the original Bax NMR structure, is displaced
in the model to accommodate the peptide. Mutating residues
on the stapled BimBH3 predicted by the model to lie at the
interface with Bax disrupted the interaction, as measured
by Bax oligomerization and cytochrome c release assays.
Further, a staple across residues in the BimBH3 predicted to
lie at the interface disrupts the activity of the stapled BimBH3
peptides, whereas staples across residues predicted to lie
on the solvent exposed surface of the BimBH3 do not.
Finally, consistent with previous observations, a stapled
BadBH3 peptide does not display any activity on Bax,26

though a mutated BadBH3 domain (containing a norleucine
for methionine) was used in this control experiment.

The authors also tested their model by undertaking
mutagenesis on Bax. They chose to mutate Lys21 as this
produced the most pronounced chemical shift in HSQC
binding experiments. Bax (K21E) displayed a decrease in
propensity to oligomerize and in its ability to release
cytochrome c from mitochondria when incubated with stapled
BimBH3. Further, the stapled peptide has a reduced killing
activity in cells expressing only Bax (K21E) compared to those
expressing wild-type Bax. Intriguingly, in the proposed model,
Lys21 of Bax interacts with Glu158 on the BimBH3. However,
in the stapled BimBH3 peptide Glu158 has been replaced with
the staple (Figure 4a). That this Bax mutation (K21E) affects
the binding of stapled BimBH3 further implicates the artificial
staple in the interaction of the stapled peptide with Bax. It
would be interesting to test other stapled BimBH3 peptides
against the Bax (K21E) mutant to investigate this possibility.

As noted by Gavathiotis et al., a previous study has
proposed the a1 of Bax as an interaction site for ‘activator’
BH3 domains.19 However, in that work, mutagenesis studies
identified Arg84 of Bid (numbering base on human Bid) as
directly interacting with Asp33 of Bax. This interaction is
inconsistent with the proposed BimBH3/Bax model as Bax
Asp33 is on a different face to that proposed for BimBH3
interaction, far removed from Ile146 of Bim, the equivalent
residue to Arg84 of Bid (Figure 4b).

Implications

Gavathiotis et al. provides intriguing new insights into the
elusive nature of the physical interaction between the
BH3-only proteins and Bax. They showed that in the context
of a stapled BimBH3 peptide, this peptide could bind weakly
and transiently to a novel face for binding BH3 peptides on the
Bcl-2 protein fold. They also show that this interaction can
instigate changes (conformation, oligomerization) in recombi-
nant Bax similar to that seen with endogenous Bax in dying
cells and trigger permeabilization in vitro of both artificial and
mitochondrial membranes.

The results and conclusions from the Walensky group raise
many questions, most of which are experimentally tractable.
Do the studies with the stapled peptide faithfully reflect the
physiological role of Bim? Is the BimBH3/Bax interaction
necessary and sufficient to drive Bax activation? Is the key
event initiated by the stapled BimBH3 peptide to promote the

Figure 3 Putative Bim interaction site on Bax (PDB ID: 2K7W).23 The BimBH3,
and by extension Bim, interaction interface on Bax is shown in blue. The C-terminal
transmembrane region of Bax and its interaction interface are shown in orange
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translocation of Bax from the cytoplasm to the mitochondrial
membrane? If the Bim/Bax interaction is the key step initiating
Bax translocation, what is the sequence of events that
culminate in cytochrome c release from the mitochondria?
Once at the membrane, will Bax be inhibited by the presence
of prosurvival Bcl-2 proteins as proposed in the ‘indirect’
model? Although the experiments with stapled BimBH3
suggest that its interaction with Bax is sufficient to fully drive
Bax activation, they do not resolve this conundrum because
these peptides retain high affinity for prosurvival proteins.26 In
this regard it is intriguing that the stapled BimBH3 peptide only
causes killing of some cell lines, suggesting that other
mechanisms need to be activated or suppressed before full
Bax activation occurs. In the context of cancer therapeutics,
the idea that a Bax activator could have utility is an interesting
one provided there is sufficient therapeutic index so that
normal tissues are spared.

It will also be pertinent to determine if Bim acts in a
similar manner on the other cell death mediator Bak, which,
unlike Bax, is predominantly at the mitochondria and does
not require the same translocation step. Do other BH3-only
proteins, such as tBid, which has also been proposed to be an
activator of Bax and interacts with Bax in a lipid environ-
ment,30 trigger Bax and/or Bak in a similar manner?

Concluding Remarks

Gavathiotis and co-workers provide biophysical evidence
for an interaction between a derivatized BH3 domain and Bax.
As discussed, there are some caveats about the conclusions
drawn from these experiments, but the work provides a model
to test the role of these newly described weak interactions. In
particular, the physiological significance of these interactions
in the biological context of cells undergoing apoptosis remains
to be fully established.
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