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The Bcl-2-associated death promoter (BAD) protein, like many other BH3-only proteins, is known to
promote apoptosis through the intrinsic mitochondrial pathway. Unlike the BH3-interacting domain
death agonist (BID) protein, BAD cannot directly trigger apoptosis but, instead, lowers the threshold at
which apoptosis is induced. In many mathematical models of apoptosis, BAD is neglected or abstracted.
The work presented here considers the incorporation of BAD and its various modiﬁcations in a model of
the tBID-induction of BAK (Bcl-2 homologous antagonist killer) or the tBID-induction of BAX (Bcl-2associated X protein). Steady state equations are used to develop an explicit formula describing the total
concentration level of tBID, guaranteed to trigger apoptosis, as a bilinear function of the total BAD
concentration level and the total anti-apoptotic protein concentration level (usually Bcl-2 or Bcl-xL). In
particular, the formula explains how the pro-apoptotic protein BAD lowers the threshold at which tBID
induces BAK/BAX activation—reducing the level of total Bcl-2/Bcl-xL available to inhibit tBID signaling in
the mitochondria. Attention is then turned to the experimental data surrounding BAD phosphorylation, a
process known to inhibit the pro-apoptotic effects of BAD. To address this data, the phosphorylation
process is modeled following two separate kinetics in which either free unbound BAD is the assumed
substrate or Bcl-xL/Bcl-2-bound BAD is the assumed substrate. Bifurcation analysis and further analysis of
the bilinear equation validate experiments, which suggest that BAD phosphorylation prevents irreversible BAK/BAX-mediated apoptosis, even when phosphorylation-induced dissociation of Bcl-xL/Bcl-2bound BAD is blocked. It is also shown that a cooperative, even synergistic, removal of mitochondrial BAD
is seen when both types of phosphorylation are assumed possible. The presented work, however, reveals
that the balance between BAD phosphorylation and dephosphorylation modulates the degree to which
BAD inﬂuences the signaling from tBID to BAK/BAX. Our model shows that both the mode(s) of
phosphorylation and the BAD dephosphorylation rate become important factors in determining whether
BAD inﬂuences the activation of the BAK/BAX signal or not. Such potential variations in the pro-apoptotic
effects of BAD are used to explain some of the inconsistent experimental data surrounding BAD
phosphorylation. Nonetheless, our model serves to evaluate BAD and its sensitizing effects on the tBIDinduction of BAK/BAX and thus aid in predicting when the incorporation of BAD in an apoptosis signaling
model is important and when it is not.
& 2010 Elsevier Ltd. All rights reserved.
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1. Introduction
Apoptosis, or programmed cell death, is an essential process in all
multi-cellular organisms. It is indispensable to an organism’s development, adaptation, and maintenance. In particular, apoptosis prevents
the propagation of malicious effects of damaged DNA caused, for
example, by free radicals, radiation, and purine modiﬁcations, to

n

Corresponding author. Tel.: +1 720 347 8375.
E-mail address: chowells@vt.edu (C.C. Howells).

0022-5193/$ - see front matter & 2010 Elsevier Ltd. All rights reserved.
doi:10.1016/j.jtbi.2010.11.040

daughter cells. Remarkably, many of the molecules involved in the
intrinsic pathway cannot be deﬁnitively labeled as pro- or antiapoptotic since many irregularities at the transcriptional and posttranslational level inﬂuence these molecules’ function (Shibasaki et al.,
1997; Jambal et al., 2003; Shinoad et al., 2003). For example, Bcl-2, an
otherwise anti-apoptotic protein, becomes inactive and no longer antiapoptotic, when cleaved by caspase-3 (Won et al., 2002; Kim et al.,
1998; Nicholson 1999).
The BH3-only-containing proteins BAD (Bcl-2-associated death
promoter) and BID (BH3-interacting domain death agonist) are
molecules that possess a single region of homology with Bcl-2.
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BAD and BID can cause a healthy cell to become inappropriately
apoptotic (Law et al., 2005; Yi et al., 2003; Berthier et al., 2004; Saito
et al., 2003; Saito et al., 2000; Springer et al., 2000). In general, active
BAD and BID trigger the oligomerizations of BAK (Bcl-2 antagonistic
killer) and BAX (Bcl-2-associated x protein), which create pores and
permeabilize the outer mitochondrial wall in a process known as
mitochondrial outer membrane permeabilization (MOMP) (James
and Green, 2004; Li et al., 1998; Wei et al., 2000; Saito et al., 2000).
Sufﬁcient permeabilization leads to the release of cytochrome-c and
Smac from the mitochondria into the cytosol. In turn, these proteins
remove the inhibition on effector caspases (such as caspase-3). Once
un-inhibited, effectors caspases initiate the dismantling of the cell. As
a result, MOMP is often viewed as the ‘‘point-of-no-return’’ for a cell.
Due to the complexity of the BH3-only protein interactions, as
well as the potential therapeutic value that can be acquired through
disentanglement, it becomes necessary to introduce mathematical
models. Many models, including those that analyze the extrinsic
pathway of apoptosis, have incorporated BID and its effect on
downstream events (Chen et al., 2007; Hua et al., 2005; Bagci et al.,
2006); BAD, on the other hand, has been neglected or limited to its
behavior in the mitochondria (Chen et al., 2007).
What is generally missing from these models is a description of how
pro-survival signals (often extending from outside the cell) lead to the
partial or complete inactivation of BAD. In this paper, we propose a
novel model that includes the phosphorylation (inactivation) of BAD,
both inside and outside the mitochondria, alongside its Bcl-2-binding
and Bcl-2-displacing capabilities in the mitochondria. Although much
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experimental data regarding the speciﬁcs associated with BAD phosphorylation is missing, an initial model can be developed and a
qualitative assessment of the effects of BAD can be undertaken.

1.1. The BAD signaling pathway
BAD is considered active once it translocates to the mitochondria and becomes bound to Bcl-2 or Bcl-xL as a heterodimer
(Hekman et al., 2006; Adams and Cory 2007; Letai et al., 2002).
In general, Bcl-2 and Bcl-xL act in anti-apoptotic manners by
binding pro-apoptotic proteins. Refer to Fig. 1. For example, binding
the truncated form of BID (tBID), Bcl-2 and Bcl-xL prevent tBID from
inducing conformational changes in BAK and BAX, which lead to
their activation (Wei et al., 2000; Wang et al., 1996; Cheng et al.,
2001; Luo et al., 1998). Similarly, Bcl-2 and Bcl-xL can bind BAK or
BAX preventing their oligomerization (Letai et al., 2002; Oltvai
et al., 1993; Sedlak et al., 1995; Yin et al., 1994; Valentijn et al.,
2003; Gilmore et al., 2000). However, one exception to the rule is
when Bcl-2 and Bcl-xL bind BAD. In these cases, Bcl-2 and Bcl-xL are
only reducing their own usefulness since apoptotic signaling is
more effectively inhibited when Bcl-2 and Bcl-xL bind the more
directly activating tBID, BAK, or BAX proteins. This is because BAD
cannot directly activate tBID, BAK, or BAX. Taken from the perspective of BAD, this means that BAD acts in a pro-apoptotic fashion
by binding Bcl-2 or Bcl-xL, that is, reducing the level of antiapoptotic proteins that safeguard from tBID signaling to BAK or

Fig. 1. BAD/tBID/BAK network. Post-translational network showing the reactions and states among BAD (rectangles), tBID (circles), BAK (parallelograms), and Bcl-2
(diamonds). The dotted arrow refers to the up-regulation of BAK via tBID. Curved arrows indicate re-localization processes between the cytoplasm and the mitochondria
(lumped together as one big mitochondrion).
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BAX. This is why BAD is often referred to as a sensitizer or an enabler
(Chen et al., 2007; Hekman et al., 2006).
1.1.1. The phosphorylation of BAD
The BAD protein is inactivated through phosphorylation.
The phosphorylation of BAD, and how growth and survival signals
lead to its inactivation, has been given recent attention in the
cellular biology literature, yet it remains to be clariﬁed (Datta et al.,
1997; Tan et al., 1999; Zhou et al., 2000; Peso et al., 1997; Zha et al.,
1996; Wang et al., 1999). Below, we review the current knowledge
of the phosphorylation of BAD keeping in mind that many of these
ﬁndings are fragmented and sometimes contradictory.
Current research has established three critical sites of phosphorylation for BAD: Ser112, Ser136, and Ser155 (Datta et al., 1997;
Tan et al., 1999; Zhou et al., 2000; Peso et al., 1997). Phosphorylation in Ser112 or Ser136 induces a conformational change in BAD
such that a conserved binding site for the 14-3-3 protein, a
molecular chaperone, is made available (Hekman et al., 2006;
Zha et al., 1996; Wang et al., 1999). In such cases, 14-3-3 sequesters
BAD on the cytoplasm, preventing BAD’s interaction with Bcl-2 or
Bcl-xL. Kinases phosphorylate Ser155 BAD within its BH3 domain,
blocking the ability of BAD to bind Bcl-2/Bcl-xL. In this case, the
chaperoning via 14-3-3 sequestration is unnecessary since BAD is
already secured from activation regardless of whether BAD remains
in the mitochondria or not (though 14-3-3 binding can still occur if
BAD is further phosphorylated at Ser112 or Ser136).
There are also phosphatases involved in controlling BAD availability. The most well-known is the Ca2 + -stimulated phosphatase
calcineurin, which can dephosphorylate any of the above-mentioned phosphorylation sites (as well as remove 14-3-3 from BAD)
(Berthier et al., 2004; Saito et al., 2003; Wang et al., 1999; Ayllon
et al., 2000). If dephosphorylated (or left unphosphorylated), BAD
can target the mitochondria or cytoplasm without any help from
chaperoning molecules (Hekman et al., 2006).
Generally, phosphorylation of BAD occurs while BAD is in its free
unbound form in the cytoplasm or the mitochondria; see Fig. 1.
However, it is recently suggested that whenever BAD is bound to
Bcl-xL in the mitochondria, phosphorylation can induce the dissociation of the BAD:Bcl-xL complex (Hekman et al., 2006; Datta
et al., 1997; Zhou et al., 2000; Zha et al., 1996; Datta et al., 2000;
Hirai and Wang, 2001). However, it is unclear the mechanism that
mediates this process. The experiments in Zha et al. (1996) and
Hirai and Wang (2001) illustrate the process as a simple consequence of Ser112 or Ser136 phosphorylation. On the other hand,
experiments in Zhou et al. (2000) demonstrate that dissociation is
still possible even when the Ser112 and Ser136 sites are replaced
with unphosphorylatable alanine mutations. Conversely, experiments in Datta et al. (2000) and Hekman et al. (2006) suggest that
Ser155 phosphorylation must follow Ser136 phosphorylation in
order to trigger dissociation (though, oddly in other experiments
in Datta et al. (2000), Ser155 phosphorylation is shown to work
independently of Ser112 and Ser136 phosphorylations). Finally, at a
completely different extreme, in vitro experiments in Strasser et al.
(1997) show that Ser136 and Ser155 phosphorylations are not even
possible when BAD is complexed with Bcl-xL.
1.1.2. Mitochondrial outer membrane permeabilization
tBID directly induces the activation and subsequent oligomerization of BAK and BAX (e.g., into tetramers (Saito et al., 2000;
Nechushtan et al., 2001)), forming pores through which lethal
mitochondrially sequestered constituents are released into the
cytosol (Li et al., 1998; Wei et al., 2000; Saito et al., 2000). In
particular, the lethal constituent Smac removes the inhibition
caused by XIAP, which normally keeps effector caspase-3 activity
in check (Rehm et al., 2006). It is currently believed that once free

BAK or BAX (unsequestered by Bcl-2) begins to accumulate in the
mitochondria, a switch-like response is seen in the activity of
caspase-3 (Albeck et al., 2008a, 2008b). Furthermore, whereas the
time from signaling of certain death-inducing ligands to the
initiation of this switch can vary – dependent upon BID concentration and its rate of processing into tBID (Spencer et al., 2009; Albeck
et al., 2008a) – the time from the ﬁrst formation of a pore to
signiﬁcant increased activity of caspase-3 is relatively static and
extremely fast (Albeck et al., 2008b). In addition, these studies also
show that concurrent blocking of MOMP and XIAP lead to a cell that
is ‘‘half-dead’’, suggesting that the mitochondrial kinetics provide a
certain degree of ampliﬁcation. Such ampliﬁcation in apoptotic
signaling could of course be explained by a feedback loop. Several
experimental and model-based studies have previously suggested
feedback loops that extend outside the mitochondria (Bagci et al.,
2006; Rehm et al., 2006; Aldridge et al., 2006), but recent work
supports the switch-like mechanism as a consequence of mitochondrial kinetics only (Chen et al., 2007; Albeck et al., 2008b;
Dussmann et al., 2010). In our effort to study the impact of the
protein BAD, we will append the previously established tBID/BAX
model from Chen et al. (2007) to our BAD model in order to see how
BAD affects these switch-like and ampliﬁcation properties.

2. Model and methods
2.1. Mathematical model of the BAD/tBID/BAK pathway
Since our focus is on the actions of BAD, we use the model structure
and kinetic equations from Chen et al. (2007) for the states of tBID and
BAK. Similar to the work done in Chen et al. (2007), ‘‘Bcl-2’’ is assumed
to be a general term, which could denote Bcl-2 or Bcl-xL. Similarly,
‘‘BAK’’ refers to BAK itself or translocated BAX.
To keep our model simple yet capable of addressing some of the
issues discussed in Section 1.1.1, we modeled the overall phosphorylation of BAD with two kinetics: one for the phosphorylation of
unbound BAD (which can occur either in the cytoplasm or mitochondria); and one for Bcl-2-bound BAD phosphorylation (which induces
the dissociation of BAD from Bcl-2, see Fig. 1 or Table S1). We assume
that these phosphorylations are irreversible in the sense that
phosphorylated BAD (pBAD) must ﬁrst bind 14-3-3 (to form
pBAD:14-3-3) prior to any kind of dephosphorylation. This is consistent with the experimental data (Hekman et al., 2006), which
demonstrate that once pBAD binds 14-3-3 (which they hypothesize to
occur in the mitochondria and in the cytoplasm), the complex must
ﬁrst reach the plasma membrane before dissociation, and therefore
dephosphorylation can occur. Even though 14-3-3 binding may not
always be the reaction that immediately follows phosphorylation
(as we said before, Ser155 phosphorylation may work independently
of 14-3-3 chaperoning) our model does serve to illustrate how the
sequestration of BAD provides a temporary removal (or prevention)
of BAD activation in the mitochondria.
We model phosphorylation, dephosphorylation, 14-3-3 sequestration, and translocation of BAD with 1st-order kinetics. See
Eqs. (1)–(5). The remaining processes associated with BAD, such
as Bcl-2-heterodimerization and tBID-displacement, as well as the
processes among the states of tBID and BAK, are modeled with the
law of mass-action. Refer to Eqs. (1)–(12). These equations deﬁne
the BAD/tBID/BAK model:
d
in
½BAD ¼ kBAD rel ½pBAD:14-3-3 þ tout
BAD ½BADm ðkBAD phos1 þ tBAD Þ½BAD
dt

ð1Þ
d
½pBAD ¼ kBAD phos1 ½BAD þkBAD phos1 ½BADm 
dt
þ kBAD phos2 ½BAD : Bcl-2kBAD seq ½pBAD

ð2Þ
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d
½pBAD:14-3-3 ¼ kBAD seq ½pBADkBAD rel ½pBAD:14-3-3
dt


d
d
½BADm  ¼ tin
BAD ½BAD þ kBAD:Bcl-2 BAD:Bcl-2
dt
a
ðkBAD phos1 þ tout
BAD Þ½BADm kBAD:Bcl-2 ½BADm ½Bcl-2
ktBID rel1 ½BADm ½tBID:Bcl-2

ð3Þ

ð4Þ




d
BAD:Bcl-2 ¼ kaBAD:Bcl-2 ½BADm  Bcl-2
dt
þ ktBID rel1 ½BADm ½tBID:Bcl-2
ðkBAD phos2 þ kdBAD:Bcl-2 Þ½BAD:Bcl-2




d
½tBID ¼ kdtBID:Bcl-2 tBID:Bcl-2 þktBID rel1 ½BADm  tBID:Bcl-2
dt
þktBID rel2 ½BAK½tBID:Bcl-2katBID:Bcl-2 ½tBID½Bcl-2





d
tBID:Bcl-2 ¼ katBID:Bcl-2 ½tBID Bcl-2 kdtBID:Bcl-2 tBID:Bcl-2
dt
ktBID rel1 ½BADm ½tBID:Bcl-2
ktBID rel2 ½BAK½tBID:Bcl-2



d
Bcl-2 ¼ ðkBAD phos2 þ kdBAD:Bcl-2 Þ BAD:Bcl-2
dt
þ kdtBID:Bcl-2 ½tBID:Bcl-2 þkdBAK:Bcl-2 ½BAK:Bcl-2
kaBAD:Bcl-2 ½BADm ½Bcl-2katBID:Bcl-2 ½tBID½Bcl-2
kaBAK:Bcl-2 ½BAK½Bcl-2
d
½BAKinac  ¼ kBAK inac ½BAKkBAK cat ½tBID½BAKinac 
dt


d
½BAK ¼ kBAK cat ½tBID½BAKinac  þ kdBAK:Bcl-2 BAK:Bcl-2
dt
þ 4kdBAK poly ½BAKpoly kBAK inac ½BAK

ð5Þ
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kaBAK:Bcl-2 ½BAK½Bcl-2ktBID rel2 ½BAK½tBID:Bcl-2
4kaBAK poly ½BAK4



d
BAK:Bcl-2 ¼ kaBAK:Bcl-2 ½BAK Bcl-2
dt
þ ktBID rel2 ½BAK½tBID:Bcl-2kdBAK:Bcl-2 ½BAK:Bcl-2



d
BAKpoly ¼ kaBAK poly ½BAK4 kdBAK poly BAKpoly
dt

ð10Þ

ð11Þ

ð12Þ

In addition, total concentrations are deﬁned as follows:
½BADtotal  ¼ ½BAD þ ½pBAD þ ½pBAD:14-3-3 þ ½BADm  þ½BAD:Bcl-2
ð13Þ
ð6Þ

ð7Þ

½tBIDtotal  ¼ ½tBID þ ½tBID:Bcl-2

ð14Þ

½BAKtotal  ¼ ½BAKinac  þ ½BAK þ ½BAK:Bcl-2 þ 4½BAKpoly 

ð15Þ

½Bcl-2total  ¼ ½Bcl-2 þ½BAD:Bcl-2 þ ½tBID:Bcl-2 þ ½BAK:Bcl-2

ð16Þ

Note that Eqs. (1)–(12) imply the total concentrations of BAD,
tBID, BAK, and Bcl-2, deﬁned above, are ﬁxed over time.
2.2. Specifying kinetic rate constant values
ð8Þ

ð9Þ

Although there is published experimental data concerning some
of the kinetic parameters in Eqs. (1)–(12), most of these parameters
are unknown or uncertain at best. However, as mentioned, we can
make use of some of the values from previous models (Chen et al.,
2007; Bagci et al., 2006), and for the remaining, we have estimated
values from kinase and phosphatase assays, binding assays, and
ﬂuorescence polarization experiments. Table 1 summarizes these
values alongside their references.

Table 1
Rate constant values used for the BAD/tBID/BAK model. kBAD phos1 (unbound phosphorylation rate) and kBAD rel (dephosphorylation rate) are 1st-order estimations to the kinetic
plots in Zhou et al. (2002) and Springer et al. (2000), respectively. The value of kBAD phos2 (bound phosphorylation rate constant) is estimated to be an order of magnitude smaller
than kBAD phos1 to account for the delay brought on by unmodeled dynamics. Values of the Bcl-2 association rates for tBID and BAK, katBID:Bcl-2 and kaBAK:Bcl-2 , respectively, are
borrowed from Chen et al. (2007). It is assumed that bound Bcl-2 dissociates from BAD, tBID, or BAK at the same rate, .002 s  1 (close to the value used in Chen et al. (2007)).
Association/dissociation rate constants also reﬂect a BAD/Bcl-xL dissociation constant of less than 1 nM (Yaffe et al., 1997) and BAD’s 5-times greater afﬁnity for Bcl-2 than
tBID’s for Bcl-2 (Letai et al., 2002). The rate constant for tBID displacement, ktBID rel1 , is set to 33% of the association rate constant kaBAD:Bcl-2 . kdBAK poly is set small to reﬂect the
irreversible nature in Chen et al. (2007), and then kaBAK poly is adjusted accordingly to match (qualitatively) the bifurcation plots of rBAK ¼ ð½BAK þ 4½BAKpoly Þ=½BAKtotal  and time
response curves in Chen et al. (2007) for when there is no expression of BAD. The value of kBAD seq reﬂects the association rate constant between BAD and 14-3-3z isoform in
out
Hekman et al. (2006) when 14-3-3z has a ﬁxed concentration of 10 nM. Finally, the values of tin
BAD and tBAD are estimated to reﬂect the liposome-binding assay data in Hekman
et al. (2006).

Rate constant

Value

Reference

kBAD phos1
kBAD phos2
kBAD seq
kBAD rel

.001 s  1
.0001 s  1
.001 s  1
.00087 s  1
.01 s  1

Obata et al. (2000), Zhou et al. (2002), Deprez et al. (1997)
Estimated
Hekman et al. (2006)
Springer et al. (2000), Liu and Storm (1989), Wolff and Sved (1985)
Hekman et al. (2006)

.002 s  1
15 mM  1 s  1
.002 s  1

Hekman et al. (2006)
Letai et al. (2002)
Estimated

3 mM  1 s  1
.002 s  1

Chen et al. (2007)
Estimated

5 mM  1 s  1
.5 mM  1 s  1
.1 s  1
2 mM  1 s  1
.002 s  1

Letai et al. (2002)
Chen et al. (2007)
Chen et al. (2007)
Chen et al. (2007)
Estimated

2 mM  1 s  1
2000 mM  3 s  1

Chen et al. (2007)
Estimated

5E  5 s  1

Estimated

tin
BAD
tout
BAD
kaBAD:Bcl-2
kdBAD:Bcl-2
katBID:Bcl-2
kdtBID:Bcl-2
ktBID rel1
kBAK cat
kBAK inac
kaBAK:Bcl-2
kdBAK:Bcl-2
ktBID rel2
kaBAK poly
kdBAK poly
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2.3. Software used
Time simulations of the BAD/tBID/BAK model (Eqs. (1)–(12)) were
carried out in MATLAB v6.5 using the integrator ode23.m. Bifurcation
diagrams were generated using Oscill8 v2.0.9, which provides a
graphical user interface to libraries based upon AUTO2000 (and can be
downloaded for free at http://oscill8.sourceforge.net/).

parameter. Fig. 3 is a bifurcation plot showing how steady state
½BAK varies with ½tBIDtotal  for certain ﬁxed levels of total ½BADtotal .
For almost all levels of total BAD, our system exhibits bistability in a
small interval between two saddle-node bifurcation points (with a
maximum interval when there is no BAD), wherein two different
stable steady state values of BAK can be obtained depending on
where the system is initialized.

3. Results

x 10−3

3.1. Simulation of the tBID-induction of BAK

5
4
[BAK] (micro M)

Before we explain the sensitizing properties of BAD (Hekman
et al., 2006; Letai et al., 2002; Kuwana et al., 2005; Goldsmith et al.,
2006), we ﬁrst observe how tBID is an activator of BAK. A positive
feedback loop exists between tBID and BAK since active BAK
can displace tBID from the tBID:Bcl-2 complex (as well as drive
down the level of free Bcl-2) and tBID can activate BAK (see Fig. 1).
Fig. 2a–d illustrates the time response behavior of Eqs. (1)–(12) for
two different concentration levels of total tBID: one that is high
enough to drive the activation of BAK (Fig. 2a and b) and another
that is too low to do so (Fig. 2c and d). These simulations lead us to
believe that only when free Bcl-2 is nearly exhausted do we witness
tBID activating BAK, that is, do we see ½BAK 4 0. Moreover, we only
see the polymerization of BAK (indicated by ½BAKpoly ) when Bcl-2 is
nearly exhausted.
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Fig. 3. BAD sensitizes the activation of BAK induced by tBID. One-parameter
bifurcation diagram with total tBID as the bifurcation parameter for various ﬁxed
levels of total BAD. Here, we have set ½Bcl-2total  ¼ 0:1 mM and ½BAKtotal  ¼ 0:2 mM.

Concentration Level (micro M)

Concentration Level (micro M)

0.08

2
1

3.2. Bifurcation analyses reveal BAD as a sensitizer to the
tBID-induction of BAK
Another way to observe the switch-like behavior between tBID
and BAK is using bifurcation diagrams with ½tBIDtotal  as the

3
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Fig. 2. Representative time response curves for two different levels of total tBID. (a)–(b) BAK inactivation when ½tBIDtotal  ¼ 0:018 mM and; (c)–(d) BAK activation when
½tBIDtotal  ¼ 0:023 mM. At time t ¼0, the following conditions have been assumed: ½pBAD:14-3-3 ¼ ½BADtotal , ½tBID:Bcl-2 ¼ ½tBIDtotal , ½Bcl-2 ¼ ½Bcl-2total ½tBIDtotal , and
½BAKinac  ¼ ½BAKtotal , where ½BADtotal  ¼ 0:025 mM, ½Bcl-2total  ¼ 0:1 mM, and ½BAKtotal  ¼ 0:2 mM. All rate constants have been set to the values in Table 1.
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0.15

119

½Bcl-2total  ¼ ½Bcl-2 þ½tBID:Bcl-2

[BADtotal] (micro M)

KD tBID ¼ kdtBID:Bcl-2 =katBID:Bcl-2
the last parameter being the dissociation constant. From (17) we
have that the steady state level of free tBID satisﬁes the quadratic
equation:

0.1

½tBID2 þ ðKD tBID þ ½Bcl-2total ½tBIDtotal Þ½tBIDKD tBID ½tBIDtotal  ¼ 0

Increasing [Bcl−2total]
(micro M)

0.05

.15
.125
.1

0

.075
0
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0.03
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[tBIDtotal] (micro M)
Fig. 4. BAD lowering the threshold mechanism between tBID and BAK. This
2-parameter diagram shows the evolution of both saddle-node bifurcation points
as a function of total BAD for various ﬁxed values of total Bcl-2. The rightmost line of
each pair is the guaranteed triggering threshold for BAK activation.

For each level of total BAD, we take particular interest in the
rightmost saddle-node bifurcation point since it represents the
biologically meaningful threshold past which an initially inactive
BAK is guaranteed to become active. That is, for any level of total
tBID beyond this point, our system will move towards activation
(Fig. 3), no matter what the initial condition is. We refer to this
corresponding value of total tBID as the (total) tBID triggering level.
The 2-parameter bifurcation diagram in Fig. 4 illustrates how
the tBID triggering level (rightmost line of each pair) evolves as a
function of total BAD (and roughly as a function of total Bcl-2).
Clearly, the tBID triggering level decreases in a nearly linear fashion
as total BAD is increased. That is, an increase in total BAD
corresponds to a proportional decrease in the total tBID triggering
level. Clearly, BAD sensitizes the tBID-induction of BAK by lowering
the threshold where tBID is guaranteed to activate BAK.

3.3. Simplifying the relationship among total BAD, total Bcl-2, and
total tBID triggering levels

ð18Þ
Eq. (18) has only one positive root, which is the unique steady
state level of free tBID. Setting the level of free tBID to the level
required for BAK activation, ½tBIDact , which we will assume to be a
constant, we can solve for the level of total tBID necessary to trigger
the activation of BAK:
½tBIDtotal  ¼ ½tBIDact  þ



½tBIDact 
Bcl-2total
KD tBID þ ½tBIDact 

ð19Þ

To account for the fact that total available Bcl-2 is reduced by the
amount of BAD in the mitochondria we replace ½Bcl-2total  with
½Bcl-2total rBAD:Bcl-2 ½BADtotal , resulting in
½tBIDtotal  ¼ ½tBIDact  þ

½tBIDact 
ð½Bcl-2total rBAD:Bcl-2 ½BADtotal Þ
KD tBID þ ½tBIDact 
ð20Þ

The coefﬁcient rBAD:Bcl-2 accounts for the fact that not all BAD
may reside in the mitochondria, but rather some may remain in the
cytosol. Using Eqs. (1)–(5) we can write
½BAD:Bcl-2
1
¼
½BADtotal 
1 þ a2 þð1 þ a1 Þb2 þð1 þ a1 Þð1 þ b1 Þg

rBAD:Bcl-2 ¼

ð21Þ
where

a1 ¼

kBAD phos1 kBAD phos1
þ
kBAD seq
kBAD rel

a2 ¼

kBAD phos2 kBAD phos2
þ
kBAD seq
kBAD rel

b1 ¼

b2 ¼

kBADphos1 þ tout
BAD

tin
BAD
kBAD phos2

tin
BAD

and where
3.3.1. Explicit formula derivation
In Fig. 4, we see the relationship between total tBID and total BAD
(as well as total Bcl-2) is approximately linear. At the coarsest level of
approximation, we could assume that BAD in the mitochondria
sequesters any available Bcl-2, bound or unbound. Any remaining
Bcl-2 then binds to tBID preventing it from activating BAK. Only when
½tBIDtotal  becomes greater than ½Bcl-2total ½BADtotal  will there be free
tBID, which can then activate BAK.
The high afﬁnity of BAD for Bcl-2 (see Table 1) justiﬁes the
approximation that any BAD in the mitochondria binds Bcl-2, but
the lower afﬁnity of tBID for Bcl-2 requires a somewhat ﬁner
approximation to determine the amount of free tBID that triggers
BAK activation.
Towards this end, consider the simple binding reaction between
tBID and Bcl-2:
tBID þ Bcl-22tBID : Bcl-2

ð17Þ

If no other reactions are considered, the steady state level of free
tBID can be computed as a function of the three parameters:
½tBIDtotal  ¼ ½tBID þ ½tBID:Bcl-2

g¼

kBAD phos2 þkdBAD:Bcl-2
kaBAD:Bcl-2 ½Bcl-2 þ ktBID rel1 ½tBID:Bcl-2

The assumption that g is small is reasonable when the level of
total tBID has yet to surpass the triggering level. This is because we
do not expect to see much free tBID until this occurs, making
½tBID:Bcl-2 relatively large. Consequently, we make the approximation that
rBAD:Bcl-2 ¼

1
1 þ a2 þ ð1 þ a1 Þb2

Finally, substituting this value of rBAD:Bcl-2 back into Eq. (20), we
arrive to our approximation for the tBID triggering levels:


½tBIDact 
Bcl-2total
KD tBID þ ½tBIDact 
½tBIDact 
1
½BADtotal 

KD tBID þ½tBIDact  1þ a2 þ ð1þ a1 Þb2

½tBIDtotal  ¼ ½tBIDact  þ

ð22Þ

Towards our interest in the role of phosphorylation (which will
be pursued in more detail in subsequent sections), we see that
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rBAD:Bcl-2 in Eq. (21), indicating the degree of BAD activation, is
directly dependent on the ratio of kBAD phos2 (the bound form of
phosphorylation) to kBAD seq (14-3-3-sequestration), to kBAD rel
(dephosphorylation), and to tin
BAD (translocation). rBAD:Bcl-2 is also
dependent on the ratio of kBAD phos1 (the unbound form of phosphorylation) to kBAD seq , and to kBAD rel only through the product
with the ratio of kBAD phos2 to tin
BAD . Therefore, whereas phosphorylation associated with the bound form of BAD is independently
effective towards the removal of BAD from the mitochondria,
phosphorylation associated with the unbound form seems to
require cooperation from the other form of phosphorylation or a
reduction in translocation.
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3.3.2. Numerical example
To check the accuracy of our approximation in Eq. (22) alongside the
bifurcation diagram in Fig. 4, we ﬁrst need to compute the coefﬁcients
for ½Bcl-2total  and ½BADtotal . Using one of the x-intercepts in Fig. 4
(e.g., ½tBIDtotal  ¼ :0267 mM and ½Bcl-2total  ¼ :1 mM) we can use Eq. (18)
to solve for ½tBIDact , which in this case gives ½tBIDact  ¼ 2:4  104 mM.
Other x-intercepts in Fig. 4 produce similar results. With the set of rate
constants in Table 1 we can compute KD tBID , a1 , a2 , and b2 . Finally,
substituting all values into Eq. (22), we arrive to our approximation of
the tBID triggering levels in Fig. 4:
½tBIDtotal  ¼ 2:4  104 mM þ 0:26½Bcl-2total 0:18½BADtotal 

ð23Þ

We ﬁrst take note of the coefﬁcient 0.26. According to Eq. (22),
this coefﬁcient is dependent on the values of the dissociation
constant KD tBID and the free triggering level ½tBIDact  and can range
anywhere from zero to unity. The stronger the afﬁnity between
tBID and Bcl-2, the larger the coefﬁcient and the greater the amount
of tBID needed to induce triggering. In particular, a coefﬁcient of
unity implies that the total tBID must reach the same total level of
Bcl-2 before triggering is guaranteed to occur. In our case, the
coefﬁcient of 0.26 means that tBID must reach approximately a
quarter of total Bcl-2 to ensure that BAK is triggered.
According to Eq. (22), the magnitude of the second coefﬁcient is
the same as the ﬁrst coefﬁcient multiplied by the factor rBAD:Bcl-2 ,
which, in our case, means approximately 70% of the total BAD
makes it into the mitochondria. Note that if all BAD were to make it
into the mitochondria, then we would expect to see the second
coefﬁcient be the negative of the ﬁrst coefﬁcient.

3.3.3. Comparing approximation and Fig. 4
We superimpose our linear approximations predicted by
Eq. (23) (shown in red) onto Fig. 4. The results are shown in
Fig. 5. Note that each red line approximates the evolution of the
rightmost saddle-node (or tBID triggering level) for some ﬁxed
level of total Bcl-2. Our approximation is accurate unless total BAD
is small and total Bcl-2 is large. In these cases, guaranteed triggering
actually occurs for larger levels of total tBID than what is predicted
by our approximation. That is, with limited amounts of BAD, a
surplus of Bcl-2 can more easily target BAK upon its attempted
activation. This inhibits BAK activation and consequently necessitates a slightly larger level of tBID to overcome. Of course, the
modeling of BAK was not factored into our approximation. Such a
situation illustrates, however, yet another reason why Bcl-2 overexpression is a detrimental (and pathological) deregulator of
appropriate apoptotic responses (Fahy et al., 2005).
Our approximation demonstrates two important facts of the BAD/
tBID/BAK network: ﬁrst, the impact of BAD on the tBID-induction of
BAK is much like a titration process where the activation of BAD
reﬂects the amount of Bcl-2 that is sequestered away from tBID; and
second, the level of BAD activation, given as the ratio of Bcl-2-bound
BAD to total BAD, is a function of rate constants only.
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Fig. 5. Approximation (Eq. (23)) to the rightmost saddle-nodes in Fig. 4 (shown
in red). (For interpretation of the references to colour in this ﬁgure legend, the reader
is referred to the web version of this article.)

3.4. Comparison of model behavior to experimental data
We consider studies that have analyzed the impact of various
synthetic peptides derived from the BH3 domains of BAD and BID
(usually labeled BADBH3 and BIDBH3, respectively). In many of
these studies, peptides are injected into cells or isolated mitochondria and compared according to how effective they are in inducing
apoptosis. Then, the results are used to hypothesize the behaviors
of the endogenous counterparts.
These studies demonstrate three basic facts about BAD and tBID.
First, BAD is incapable of triggering apoptosis by itself (Letai et al.,
2002; Kuwana et al., 2005; Goldsmith et al., 2006). Second, the
presence of both peptides is shown to behave synergistically,
affecting cells more than would be predicted through additive
stoichiometry (Goldsmith et al., 2006; Kuwana et al., 2005). Stated
another way, these two ﬁndings indicate that BAD can only lower
the threshold at which tBID can activate BAK. And third, without
some form of Bcl-2-like expression (e.g., Bcl-2, Mcl-1, or Bcl-xL),
this synergy between BAD and BID is absent (Letai et al., 2002;
Kuwana et al., 2005).
The ﬁrst and third facts are simple consequences of the network
structure itself (Fig. 1), since the primary activity of BAD is to
displace Bcl-2 and not directly activate tBID or BAK. Indeed, the
absence of tBID or Bcl-2 would preclude the activation of BAD
having any impact on this network. The synergy recognized
between BAD and tBID is easily seen in Fig. 4. At any point on
the lines in Fig. 4 such that total BAD is non-zero, the levels of BAD
and tBID by themselves are incapable of triggering activation,
whereas together they are capable of triggering activation.
3.5. The role of phosphorylation
The phosphorylation and dephosphorylation processes determine the proportion of BAD that is available to displace Bcl-2, and
hence modulate the degree of sensitization of tBID-induction of
BAK. Phosphatases like calcineurin drive the activation of BAD
through the release of BAD from sequestration while kinases
inhibit this activation through phosphorylation (Fig. 1).
In order to address how phosphorylation and dephosphorylation affect the activation of BAK, 2-parameter bifurcation diagrams
are once again generated but, in this instance, we use the
phosphorylation and dephosphorylation rates as parameters
(more speciﬁcally, the kinetic rate constants). Furthermore, two
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speciﬁc cases will be considered: one where the phosphorylation
rate associated with the bound form of BAD (that is, kBAD phos2 )
is non-zero; and another where kBAD phos2 is zero. The ﬁrst
case is motivated by the experimental data in Yang et al. (1995),
Zha et al. (1996) and Hirai and Wang (2001), which show that the
extracellular survival factor, interleukin-3 (IL-3), can stimulate the
phosphorylation-induced dissociation of BAD:Bcl-xL in Bcl-xLexpressing FL5.12 cells. We analyze such behavior within our
model using a single phosphorylation parameter, kBAD phos , where
kBAD phos ¼ kBAD phos1 ¼ 100kBAD phos2 ,
as one of our bifurcation parameters. The remaining parameter is
chosen to be kBAD rel , reﬂecting the dephosphorylation rate. The
results of the bifurcation analysis are shown in Fig. 6. Like Fig. 4,
Fig. 6 shows bistability and a threshold mechanism. In general,
sufﬁciently low phosphorylation rates (kBAD phos o :01 s1 ) are seen
to activate BAK (brought on, of course, by the accumulation of
mitochondrial BAD), and sufﬁciently high phosphorylation rates
(kBAD phos 4:05 s1 ) are necessary to keep BAK inactivated. The
former is consistent with some studies that have shown that
growth-factor-withdrawal can cause cells to become apoptotic
merely from lack of BAD phosphorylation (Yang et al., 1995; Datta
et al., 1997; Tan et al., 1999; Zha et al., 1996; Wang et al., 1999; Hirai
and Wang, 2001). The latter is consistent with the studies that show
that the pathological up-regulation of BAD phosphorylation can
lead to the survival and proliferation of several types of precancerous and cancerous cells (Dillon et al., 2007; Peso et al., 1997;
Claerhout et al., 2007; Nicholson and Anderson, 2002).
Of particular interest in Fig. 6 are the saddle-node lines partitioning the bistable and monostable regions. They are relatively vertical
for dephosphorylation rates above 0.005 s  1 (recall that our previous
simulations were operating near kBAD rel ¼ :001 s1 ). This means that
for certain phosphorylation rates, no matter how strongly we drive
the release of BAD through dephosphorylation, we can never activate
BAK. In other words, there is a certain maximum impact that
dephosphorylation can impart to this system. Inspection of Fig. 1
reveals that because we modeled the phosphorylation and sequestration processes of BAD such that BAD must be sequestered by 14-33 prior to dephosphorylation, 14-3-3 sequestration becomes a ratelimiting step to dephosphorylation. In particular, because we used
kBAD seq ¼ :001 s1 in generating this bifurcation diagram, it is clear

that dephosphorylation loses its incremental effectiveness at approximately 5 times the sequestration rate.
There is also a large amount of experimental data that would
suggest the absence of phosphorylation-induced dissociation of the
BAD complex. For example, Hirai and Wang (2001) show that IL-3stimulated Bcl-2-expressing FL5.12 cells are incapable of dissociating the BAD:Bcl-2 complex (where, in this case, Bcl-2 denotes the
actual protein and not a family of proteins). Datta et al. (2000) also
indicate that if it is necessary that Ser136 and Ser155 phosphorylation work concomitantly in order to dissociate the BAD complex
(Datta et al., 2000), then any survival signals relying solely on
stimulation via Akt, predominantly a Ser136 kinase, would be
limited to the unbound form of phosphorylation only.
We can use our model to address this situation assuming
kBAD phos ¼ kBADphos1 ,

0.02
Dephosphorylation Rate kBADrel (s−1)

Dephosphorylation Rate kBADrel (s−1)

kBAD phos2 ¼ 0

Producing bifurcation plots for this second case (Fig. 7) much
like we did for the previous case, we see the plot shifting to the
right. This means that a generally higher demand upon the
phosphorylation rate is required to prevent triggering. Nonetheless, sufﬁcient phosphorylation is still capable of inhibiting dephosphorylation signaling of BAD despite the absence of the capacity
for phosphorylation-induced BAD:Bcl-2 dissociation. This could
explain why in some cells, certain kinases (such as Akt), without
any evidence of inducing dissociation, can still inhibit the activation of BAD and apoptosis (Datta et al., 1997; Tan et al., 1999; Zhou
et al., 2000; Peso et al., 1997; Wang et al., 1999; Claerhout et al.,
2007).
Because of the shifting to the right, we can say the dephosphorylation rate becomes more effective in triggering BAK. That is,
there exist more phosphorylation rates where dephosphorylation
could still potentially trigger BAK. Conversely, given a certain
dephosphorylation rate, the demand upon phosphorylation for
guaranteed cell viability has increased approximately two-fold.
Since kinase levels may vary from experiment to experiment, this
may explain why Akt works as an inhibitor in one case but fails to
do so in another. That is, unlike the experiments just mentioned in
which Akt restores cell viability, Datta et al. (2000) argue in their
mutation experiments that Akt restoration of cell viability when
phosphorylation-induced dissociation of BAD:Bcl-xL is blocked is
impossible.
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Fig. 6. Effect of simultaneous unbound and bound forms of phosphorylation on the
bistability of BAK activation. Here, we have set ½BADtotal  ¼ 0:05 mM, ½Bcl-2total  ¼
0:1 mM, ½BAKtotal  ¼ 0:2 mM, and ½tBIDtotal  ¼ 0:015 mM (chosen close to a triggering
point). Other rate constants have been set to the values in Table 1.
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4. Discussion
BAD acts as a sensitizer by displacing Bcl-2 from tBID. This lowers
the threshold amount of tBID needed to induce the activation of BAK. In
a sense, the addition of BAD can be thought of as a titration system, in
which BAD molecules pick off Bcl-2 molecules one-by-one until
activation of BAK occurs. In some instances, the levels of BAD and
tBID by themselves are insufﬁcient to trigger BAK, but together they are
capable of triggering activation. This means that BAD can have a
profound effect on whether a cell becomes apoptotic or not. It is also
thought that the delay prior to MOMP plays a role in whether a cell
becomes apoptotic or not since, for example, a sufﬁcient delay could
give a cell enough time to counteract apoptotic signaling with alternate
pro-survival pathways (Albeck et al., 2008b). Increased delay in our
model could be caused by a decreased level of BAD or an increased level
of free Bcl-2, which would require more processing of BID in order to
reach the triggering level. Although we did not investigate transient
properties of the network, such a reduction in BAD might be
accomplished transiently through the phosphorylation of BAD.
In our modeling of the MOMP transition, we followed the
approach in Chen et al. (2007), which results in a bistable system
for BAK expression and allows for the large, fast release of Smac and
cytochrome-c from the mitochondria, as is observed experimentally. But bistability is not necessary to create this quick release
behavior, as is shown quite persuasively in the recent work
modeling the extrinsic apoptotic pathway (Spencer et al., 2009;
Albeck et al., 2008a, 2008b). Although these models eliminate
positive feedback in the mitochondrial reactions, and hence bistability, they still produce what the authors term ‘‘snap-action’’
behavior in the release of Smac and cytochrome-c, and the
subsequent activation of the downstream effector caspases. The
snap-action behavior in their models is due to a very tight control
on pore formation – essentially no pores are formed until seconds
before the release due to MOMP occurs – and the sharp concentration gradient that allows a relatively small number of pores to
transport a large quantity of Smac and cytochrome-c in a short
period of time. The fact that the release due to MOMP occurs shortly
after pores initially begin to form was validated experimentally in
Albeck et al. (2008b) and also by the recent work in Dussmann et al.
(2010). This latter work also used a cellular automaton modeling
approach to demonstrate that pores can form quickly even with a
minimal amount of active BAX, validating one aspect of the model
results in Albeck et al. (2008b) using an alternative approach.
Although in this paper we have used bistability to achieve the
experimentally observed snap-action release due to MOMP, our
results with respect to BAD do not depend on bistability. While
bistability of BAK as a function of tBID occurs in our model within a
subset of the parameter space, weaker afﬁnities between Bcl-2 and
the three pro-apoptotic proteins (BAD, tBID, or BAK) in our model
sufﬁce to entirely remove the bistable region (similarly in the case
of Chen et al.’s (2007) BAX activation module). In our analysis, the
afﬁnities of tBID/Bcl-2 and BAK/Bcl-2 were set relative to a rather
tight BAD/Bcl-xL afﬁnity, which was less than 1 nM (Yaffe et al.,
1997); however, there is experimental data that supports binding
afﬁnities looser by up to two orders of magnitude (Hua et al., 2005;
Letai et al., 2002). Moreover, removal of the positive feedback loop
(BAK displacing tBID from Bcl-2) in order to partially emulate the
mathematical model in Albeck et al. (2008b) does not generate
bistability. Remarkably, despite the disappearance of the bistable
region due to parameter variation or network changes, the highly
sigmoidal behavior from an initially inactive BAK to an active BAK
induced by tBID remains, and the sensitization due to BAD remains
as well. Hence, our results remain qualitatively correct even in the
absence of a bistable model.
An important question to ask is whether the bifurcation plots
(Figs. 3 and 4) tell us everything we need to know about the

dynamical behavior of this network. From a nonlinear systems
perspective, making general statements about the behavior of the
BAD/tBID/BAK model, based upon speciﬁc rate constants, would be
insufﬁcient. Our bifurcation diagrams cannot, for example, preclude the existence of nonlinear behaviors such as periodic orbits.
On the other hand, BAD/tBID/BAK is a conservative system, where
total BAD, tBID, BAK, and Bcl-2 are constant for all time. Moreover,
the presence of Bcl-2 and the high-order kinetics of BAK with an
essentially zero dissociation rate make the behavior of this network
tend towards inactivation or activation of BAK and remain there in
a robust manner.

Appendix A. Supporting information
Supplementary data associated with this article can be found in
the online version at doi:10.1016/j.jtbi.2010.11.040.
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