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Introduction

Figure: Apoptotic cells
(left), healthy cells (right)
[1]

I The Bcl-2 family or proteins are key regulators of the
intrinsic apoptosis pathway

I Determining the mechanism that two of these proteins
(Bak and Bax) use to control mitochondrial outer
membrane permeabilisation (MOMP) and subsequent
cytochrome c release is clinically important

I Bcl-2 family proteins have three roles: anti-apoptotic,
pro-apoptotic effector and pro-apoptotis activator.

Aims
I Binding kinetics and large number of

members confounds understanding:
develop mass-action kinetic
model of a reduced
mitochondrial assay. What
interactions and mechanisms
regulate cytochrome c release?

zymogens, and two principal pathways activate those
involved in apoptosis (Figure 1). The more ancient,
evolutionarily conserved ‘stress’ pathway, which is
triggered by developmental cues and diverse intracel-
lular stresses, activates caspase-9 on a scaffold formed
by Apaf-1 in response to cytochrome c released from
damaged mitochondria. This pathway, also termed
‘mitochondrial’ or ‘intrinsic’, is primarily regulated by
the Bcl-2 family. The ‘extrinsic’ pathway, on the other
hand, is induced when the so-called ‘death receptors’ on
the cell surface are engaged by cognate ligands of the
tumor necrosis factor (TNF) family. This pathway
instead activates caspase-8 (and caspase-10 in humans),
through adaptor proteins that include Fas-associated
death domain protein (FADD). Once activated, caspase-9
or -8 (-10) activates downstream ‘effector caspases’ (i.e.
caspases-3, 6 and 7), which provoke cellular destruction
by cleaving several hundred cellular proteins. The two
pathways are largely independent, as overexpressed Bcl-2
does not protect lymphocytes from apoptosis induced by
death receptor ligands (Strasser et al., 1995; Huang et al.,
1999). In certain other cell types (e.g. hepatocytes),
however, the two pathways intersect, because caspase-8
can process the pro-apoptotic Bid into its active
truncated form (tBid) (Figure 1). To prevent cata-
strophic unscheduled cell death, both pathways are
tightly regulated, at multiple steps.

The Bcl-2 family, which includes 17 or more members
in mammalian cells (Cory and Adams, 2002), functions

as a ‘life/death switch’ that integrates diverse inter- and
intracellular cues to determine whether or not the stress
apoptosis pathway should be activated. The switch
operates through the interactions between the proteins
within three subfamilies. Whereas the pro-survival
subfamily (Bcl-2, Bcl-xL, Bcl-w, Mcl-1, A1 and also
Bcl-B in humans) protects cells exposed to diverse
cytotoxic conditions, two other subfamilies, many
members of which were identified as Bcl-2-binding
proteins, instead promote cell death. Members of the
Bax-like apoptotic sub-family (Bax, Bak and Bok) are
very similar to Bcl-2 in sequence, particularly in three
conserved ‘Bcl-2 Homology’ regions (BH1, BH2 and
BH3), and both Bax and Bak have structures that
closely resemble their pro-survival relatives (Suzuki
et al., 2000; Moldoveanu et al., 2006). The other
proapoptotic subfamily, the ‘BH3-only proteins’, in-
cludes at least eight members: Bik, Bad, Bid, Bim, Bmf,
Hrk, Noxa and Puma. These proteins are largely
unrelated in sequence to either Bcl-2 or each other,
apart from the signature BH3 domain, which is essential
for their killing function (Huang and Strasser, 2000;
Willis and Adams, 2005).

Importantly, stress-induced apoptosis requires both
types of pro-death proteins: the BH3-only proteins seem
to act as damage sensors and direct antagonists of Bcl-2
and the other pro-survival proteins, whereas the Bax-
like proteins, once activated, act further downstream
(Figure 1), probably by permeabilizing the mitochon-
drial outer membrane and perhaps also by perturbing
the endoplasmic reticulum (ER)/nuclear envelope. The
crucial battle seems to be fought on these membranes
and most family members either normally reside on their
cytosolic surfaces, or rapidly congregate there after an
apoptotic signal. Most bear a C-terminal hydrophobic
sequence that targets and/or anchors them to those
membranes, but full integration of the multidomain
proteins probably involves insertion of additional
helices in the molecules (Kim et al., 2004; Annis et al.,
2005), and that also might hold for tBid, which is
myristoylated (Zha et al., 2000) but lacks a C-terminal
anchor. Integration into the outer mitochondrial mem-
brane may require components of the general import
machinery such as TOM22 or TOM70 (Bellot et al.,
2006; Chou et al., 2006).

As reviewed recently (Fesik, 2005; Hinds and Day,
2005), illuminating structural studies have revealed that
the BH1, BH2 and BH3 domains in each pro-survival
family member fold into a globular domain having a
hydrophobic groove on its surface, to which a BH3
domain, an amphipathic alpha helix of B24 residues,
can bind (Sattler et al., 1997; Liu et al., 2003). This
coupling neutralizes the pro-survival family member. In
healthy cells, the pro-survival proteins act at least
predominantly by preventing Bax or Bak from perturb-
ing the integrity of intracellular membranes, in parti-
cular the outer mitochondrial membrane.

Bax and Bak appear to be largely redundant in
function. Whereas the loss of either single gene has little
effect in most cells and tissues (Bax is required for
spermatogenesis and in certain neuronal cells), the
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Figure 1 Pathways to cell death. The stress pathway is initiated by
BH3-only proteins (‘BH3’), which inactivate the Bcl-2-like proteins,
keeping them from restraining Bax and Bak. Bax or Bak can
permeabilize the mitochondrial outer membrane, releasing cyto-
chrome c, which provokes Apaf-1 (apoptotic protease-activating
factor 1) to activate caspase-9. The ‘death receptor’ pathway is
activated when ligands of the TNF family engage with and
aggregate their cognate receptors on the cell surface and activate
caspase-8 via adaptor proteins that include FADD. The two
pathways are largely independent, but in certain cells the death
receptor pathway engages the stress pathway via a cleaved form of
the BH3-only protein Bid (tBid), which can engage Bcl-2 homologs
and perhaps Bax (see text).
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Methods

I Extract mouse liver mitochondria
containing endogenous
membrane-integrated Bak, and minimal
other Bcl-2 proteins

I Mitochondria co-incubated with
pro-survival Mcl-1 and various levels of a
Bim variant over 3 h; protein interactions
quantified by co-immunoprecipitation,
western blot and densitometry.

Figure: Cytochrome c release over 3hr
incubation

I Where available, binding affinities determined through BIAcore measurements, other
kinetic parameters obtained through a non-linear least squares fit between simulated
and measured protein concentrations.

Figure: Interactions modelled

Direct and auto- activation of Bak

I Is direct activation of Bak necessary?
I Consistent with previous modelling [2] and experimental

studies [3], a model which includes direct activation of Bak
by Bim is shown to be more consistent with available
kinetic binding data and MLM experiments, compared with
a model which does not include direct activation.

Model R2

w. direct 0.86
w.out direct 0.82
direct+auto 0.87

Table: Goodness-of-fit
of model to timing
data

I In a model including Bak direct and auto-activation, more than 90% of the Bak is
activated through interaction with Bim or Bid, suggesting a minimal role for
auto-activation
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Figure: Simulated (curves) vs measured concentration (points) using fitted kinetic
parameters. (Top) Simulation of model including direct activation, (bottom) simulation of
model not including direct activation.

Bistable mechanisms
I Previous studies propose

bistability (apoptotic and
non-apoptotic states both
stable) is a key regulatory
mechanism of apoptosis. Is it
observed in the MLM assay?

I Include protein production and
degradation, gradually increasing
the production rate of BH3-only
stimulation

I Model does not produce an
’all-or-none’, bistable response

I Predicts continuous transition
between non-apoptotic and
apoptotic states as a function of
BH3-only stimulation.
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Figure: Example of bistable response. Steady state
concentrations as a function of exponent of activator production rate.
Parameters in which more than one steady state are present are
bistable regions
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Figure: Response of model with experimentally constrained
kinetics

I These results suggest that hystersis effects, if relevant in regulating intrinsic apoptosis,
must contain more interactions than just those within the Bcl-2 family.

Robustness analysis

Parameter estimates
I How sensitive are

simulations to
variation in binding
rates?

I Measure sensitivity
according to [5]

I Perform for 2000
parameter sets chosen
from log-uniform
distribution ⇒ gives
measure of ‘global’
sensivity of parts of
model

I Highlights interactions
which most affect
cytochrome c release
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Figure: Exponent of bifurcation
point (onset of bistability) from
sampled parameters

I How robust is presence of bistability to
parameter variations?

I For 1000 randomly sampled parameters from
log-uniform distribution, 20% contain bistability
when BH3-only production rate varied

I For 1000 sampled parameters without direct
activation, only 1% contain bistability

I Suggests bistability more robust in the presence of
direct activation – as in [2]

Discussion

I This work shows how direct activation of Bak by BH3-only stimulus is necessary for the
regulation of MOMP

I The understanding of dynamical mechanisms such as bistability within the Bcl-2 family
is important to help the design of targeted anti-cancer drug therapies.

I Here we have shown such regulatory mechanisms, if they exist, must be found in other,
more comprehensive, pathways related to intrinsic apoptosis.

I The model is novel in its being experimentally constrained by available binding rate
data and knowledge of the Bcl-2 family.
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