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The BCL-2 family of proteins regulates apoptosis, and
proper control of this process is required for normal de-
velopment and for preventing disease (Adams 2003; Da-
nial and Korsmeyer 2004). After years of identifying
components and deciphering the regulatory pathways
that control apoptosis, we are now at the point of ex-
ploiting this knowledge in sophisticated ways for thera-
peutic intervention in disease conditions such as cancer.
Members of the BCL-2 family fall into three different
classes of proteins based on conservation of BCL-2 ho-
mology (BH1–4) domains: multidomain anti-apoptotic
proteins (BCL-2, BCL-xL, MCL-1, BCL-w, and BFL-1/A1),
multidomain proapoptotic proteins (BAX and BAK), and
BH3-only proapoptotic proteins (BID, BAD, BIM, PUMA,
NOXA, HRK, BMF, and NBK/BIK). The proapoptotic
BH3-only proteins are the most apical regulators of this
death-signaling cascade, and are activated by multiple
stimuli from inside or outside the cell to initiate the
apoptotic response. They are regulated transcriptionally,
and by post-translational modifications such as phos-
phorylation, ubiquitination, and proteolytic cleavage
(Puthalakath and Strasser 2002). Their BH3 domain is an
amphipathic �-helix that serves as a binding motif for
interaction with a hydrophobic groove on either mul-
tidomain anti- or proapoptotic BCL-2 family members.
This BH3 domain-mediated interaction of BH3-only pro-
teins with multidomain BCL-2 family proteins either an-
tagonizes the survival activity of anti-apoptotic proteins
or activates proapoptotic BAX and BAK. Evidence sug-
gests that antagonism of survival functions cooperates
with activation of BAX or BAK for cell death (Cheng et
al. 2001; Letai et al. 2002; Chen et al. 2005; Kuwana et al.
2005). It is clear that BH3-only proteins function up-
stream of BAX and BAK, which are for the most part
functionally redundant and required for apoptosis: Defi-
ciency in BAX and BAK renders the proapoptotic func-

tion of BH3-only proteins inactive and confers resistance
to apoptosis induced by many diverse stimuli (Lindsten
et al. 2000; Wei et al. 2001; Zong et al. 2001; Degenhardt
et al. 2002a,b). Significant issues being addressed include
how the multidomain anti-apoptotic proteins act to con-
trol proapoptotic proteins, how toxic BAX and BAK are
kept in check in healthy cells, and the targets and speci-
ficity of the multiple BH3-only proteins. Willis et al.
(2005) provide insight into the specificity of BH3-only
proteins by showing that BAK is activated through its
NOXA-dependent displacement from MCL-1, and that
coordinate inactivation of BCL-xL by other BH3-only
proteins is required for cell death. Thus, the binding
specificity of the BH3 domains of BH3-only proteins for
particular multidomain proapoptotic and anti-apoptotic
BCl-2 family members can reveal important aspects of
the regulation of cell death. Understanding this regula-
tion and its specificity is essential for developing thera-
peutics for diseases where apoptosis control is aberrant,
such as cancer.

It’s all about protein conformation

Multidomain BCL-2 family members possess a bundle of
amphipathic �-helices and can exist in different confor-
mations that directly relate to their function. These con-
formational states, designated here as inactive (I), ligand
(L), receptor (R), or oligomer (O), are determined by the
availability of a BH3 domain and the mode of interaction
with other BCL-2 family members. BAXI, for example,
has a hydrophobic groove that could serve as a receptor
for a BH3, but the groove is occluded by the C-terminal
�-helical putative transmembrane domain (Suzuki et al.
2000). Consequently, BAXI is a latent monomer that re-
sides in the cytoplasm. Apoptotic stimuli that activate
BAX induce a profound change in its conformation, re-
vealed by altered epitope availability and its ability to
form homodimers and oligomers (Adams 2003; Danial
and Korsmeyer 2004). Furthermore, this altered state is
associated with membrane translocation. Binding and
structural data suggest that the exposed BH3 in BAXL has
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the potential to interact with a hydrophobic groove in
BAXR made available by the release of the C terminus
from the binding groove. Oligomerization may be ac-
complished by domain swapping between R and L con-
formers and is associated with the permeabilization of
organelle membranes, particularly those of mitochon-
dria, to propagate apoptotic signaling. This conforma-
tional activation of BAX can be initiated by the interac-
tion of BAXI with the caspase-8-cleaved and activated
form of BID—designated truncated (t)BID or BIDL—by a
hit-and-run mechanism to propagate formation of BAXO,
and BAK may be similarly activated (Fig. 1; Perez and
White 2000; Wei et al. 2000; Kuwana et al. 2005). The
multidomain anti-apoptotic BCL-2 family members may
thwart the activation of multidomain proapoptotic pro-
teins by acting as R conformer sinks for the BH3s of
BIDL and similar proteins, thereby preventing apoptosis
(Cheng et al. 2001; Letai et al. 2002). Alternatively, BH3-
only proteins in the L conformation may overwhelm the
R conformers of the multidomain anti-apoptotic BCL-2
family members, thereby driving forward the death pro-
cess. In another tier of regulation, activated BAXL and
BAKL can still be inhibited by binding to multidomain
anti-apoptotic BCL-2 family members, as illustrated by
the viral homolog of BCL-2, E1B 19K. E1B 19K has no
counterpart to the C-terminal �-helix of other multido-
main family members to potentially occlude its BH3-
binding pocket, and binding data suggest that it is con-
stitutively in the R conformation and specifically binds
BAXL and BAKL BH3s (Cuconati and White 2002; Cu-
conati et al. 2003). The specificity of E1B 19KR for BAXL

and BAKL renders it an effective apoptosis inhibitor sub-

sequent to BAX and BAK activation at the choke point
for death signaling via a multitude of pathways, account-
ing for its robust anti-apoptotic activity (Cuconati and
White 2002; Nelson et al. 2004). Whether cellular anti-
apoptotic BCL-2 family members can function analo-
gously downstream of BAX and BAK activation has not
been definitively determined. Furthermore, although the
regulation of BAX conformation and function has
emerged, the regulation of BAK has been substantially
less clear.

Who’s got your BAK?

In contrast to monomeric BAXI, 24-kDa BAK is found in
a 60–70-kDa membrane-bound protein complex not de-
tectably interacting with itself in healthy cells
(Sundararajan et al. 2001), suggesting that the mecha-
nism keeping BAK inactive is distinctly different from
that of BAX. The presumption at the time was that an-
other anti-apoptotic cellular protein might maintain
BAK in an inactive state, and the hunt was on to identify
the BAK chaperone. The mitochondrial protein VDAC2
associates with BAK in healthy mitochondria; however,
the ability of VDAC2 to restrain BAK activation by ap-
optotic stimuli is limited, and is insufficient to explain
the regulation of BAK in cytoplasmic membranes inde-
pendent of mitochondria (Cheng et al. 2003). More inter-
estingly, the cytoplasmic membrane-associated anti-
apoptotic multidomain 45-kDa MCL-1 coimmunopre-
cipitates with BAK in healthy cells, suggesting that in
contrast to BAX, BAK may be kept inactive by interac-
tion with a multidomain anti-apoptotic BCL-2 family
member in organelle membranes (Cuconati et al. 2003).

MCL-1 keeps BAK on a leash

The BAK–MCL-1 association in healthy cells suggests
that in contrast to BAX, which is kept inactive by virtue
of its conformational state, MCL-1 may sequester BAK
in an inactive protein complex (Cuconati et al. 2003).
Indeed, the presence of an apoptotic stimulus such as
DNA damage mediated by UV irradiation or oncogene
activation causes the elimination of MCL-1 by targeting
it for degradation in proteasomes, thereby unleashing
BAK and promoting apoptosis (Cuconati et al. 2003;
Nijhawan et al. 2003). Restoration of MCL-1 completely
blocks DNA damage response-mediated apoptosis, dem-
onstrating that MCL-1 elimination is essential for cell
death in this pathway. This destruction of MCL-1, al-
though required, is not sufficient in itself to trigger apo-
ptosis, indicating that although MCL-1 maintains BAK
in an inactive state, an additional activity is required for
cell death (Cuconati et al. 2003; Nijhawan et al. 2003).
This activity could result from the necessity of a second
step to activate BAK, such as a BH3-only protein inter-
action, or that there is another anti-apoptotic protein
that is functionally redundant with MCL-1. Interest-
ingly, disruption of the BAK–MCL-1 complex is also as-
sociated with p53-dependent, transcription-independent
apoptosis, suggesting that it may be a common event in

Figure 1. Levels of apoptosis regulation by BCL-2 family mem-
bers. See text for explanation.
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other apoptotic pathways (Leu et al. 2004). Dissociation
of the MCL-1–BAK complex appears to precede MCL-1
elimination, suggesting that ubiquitin-mediated degra-
dation of MCL-1 occurs subsequent to the release of BAK
(Cuconati et al. 2003). It is not clear, however, what the
conformational state of BAK is when complexed to
MCL-1. Unlike BAXI, BAKI may consist of BAKL bound
to MCL-1R, much in the way E1B 19KR binds to and
inhibits BAKL after it is released from MCL-1 (Cuconati
et al. 2003). Indeed, the BAK BH3 binds with high affin-
ity to MCL-1 (Willis et al. 2005) in its hydrophobic
groove (Day et al. 2005). In this regard, the structure of
BAK bound to MCL-1 or E1B 19K may be informative.
What is missing from this scenario is the trigger for
MCL-1 to release BAK, the mechanism of MCL-1 degra-
dation, and the identity of the second step required for
activation of BAK and apoptosis.

Who’s doing what to whom?

One approach to deciphering the myriad of possible pro-
tein–protein interactions among BCL-2 family members
is to decode the binding specificity of the BH3 domains
for multidomain grooves. Given the number of BCL-2
family members involved and the number of potential
combinations of BH3–groove interactions, this has been
determined systematically by examining the interaction
of different BH3 peptides with multidomain grooves us-
ing in vitro biosensor, competitive binding, and func-
tional assays (Cheng et al. 2001; Letai et al. 2002; Chen
et al. 2005; Kuwana et al. 2005). It has been made clear
that BH3s have distinct specificities for grooves, in ex-
periments that have been validated by in vivo interac-
tions and function, and with structural studies in some
cases. What emerged are clear differences between the
binding preferences of BH3s for different multidomain
grooves that may explain important aspects of regulation
of apoptosis: Some BH3s were highly specific while oth-
ers were not.

BH3-only proteins reveal their specificity

Among the least specific BH3s are those of the BH3-only
proteins BIM and PUMA, which can bind the grooves of
all of the multidomain anti-apoptotic BCL-2 family
members tested (Letai et al. 2002; Chen et al. 2005). In
contrast, the BH3 of NOXA is highly specific for MCL-1
and BFL-1/A1. The BH3s of BID and BIM were also ca-
pable of binding the grooves of multidomain BAK and
BAK and promoting their oligomerization, whereas other
BH3s such as that of BAD appeared more exclusive for
binding to multidomain anti-apoptotic proteins such as
BCL-2 and BCL-xL (Cheng et al. 2001; Chen et al. 2005).
This collective type of data led to the notion of discrete
roles for BH3-only protein interactions governed by the
binding specificity of their BH3s for multidomain
grooves. These interactions can be divided into two cat-
egories: the sensitizers of multidomain anti-apoptotic

proteins, and the activators of multidomain proapoptotic
BAX and BAK (Fig. 1). We can now appreciate that there
exists fine control of binding specificity among the sen-
sitizers and activators. The requirement for coordinate
activator and sensitizer activities to achieve apoptosis is
indicated by functional studies in vitro and in vivo
(Cheng et al. 2001; Letai et al. 2002; Chen et al. 2005;
Kuwana et al. 2005). This has significant implications for
cancer therapy, as inhibiting BCL-2 (sensitizer activity),
for example, may have to be coordinated with activation
of BAX and/or BAK (activator activity) (Fig. 1). Accord-
ingly, the apparent dual role of some BH3-only proteins
in potentially mediating activator and sensitizer activity
may render their function more important in tumor sup-
pression.

NOXA targets MCL-1, unleashing BAK

The fairly specific binding preference of the NOXA BH3
for MCL-1 suggests that NOXA may be a factor that
releases BAK. Willis et al. (2005) tested this hypothesis
and found it to be the case: Overexpressed NOXA dis-
places BAK from MCL-1 and promotes MCL-1 degrada-
tion in proteasomes, and this activity is dependent on
the ability of the NOXA BH3 to bind MCL-1. Further-
more, NOXA deficiency produces elevated MCL-1 levels
and impairs NOXA-mediated MCL-1 turnover in re-
sponse to DNA damage (Willis et al. 2005). Perhaps the
binding of BAK to MCL-1 sterically inhibits its ubiqui-
tination, or the release of BAK provokes a conforma-
tional change or formation of an alternate protein com-
plex that facilitates ubiquitination and degradation of
MCL-1. This, however, is not sufficient for cell death,
nor is the elimination of MCL-1 by RNAi (Cuconati et
al. 2003; Nijhawan et al. 2003), suggesting the existence
of a second step, perhaps another MCL-1-like activity.
Nonetheless, identification of the steps required for deg-
radation of MCL-1 and the ubiquitin ligase involved in
its proteasome-mediated degradation will be impor-
tant for therapeutically poising cancer cells on the
threshold of cell death. In light of the crucial role of
MCL-1 in embryogenesis (Rinkenberger et al. 2000), in B-
and T-cell development (Opferman et al. 2003), and in
the myeloid lineage (Opferman et al. 2005), it will also be
interesting to see how developmental cues affect MCL-1
stability. Phosphorylated BIM, NBK/BIK, and BFL-1/A1
are known to undergo proteasome-mediated degradation
(Marshansky et al. 2001; Akiyama et al. 2003; Ley et al.
2003; Luciano et al. 2003; Kucharczak et al. 2005; Zhu et
al. 2005), but whether they are regulated similarly to
MCL-1 remains to be determined. It is worth noting that
despite the fact that the BH3 of NOXA interacts selec-
tively with both MCL-1 and BFL-1/A1, evidence is still
lacking for a BFL-1/A1–BAK interaction (Werner et al.
2002; Willis et al. 2005), nor has a NOXA–BFL-1/A1 as-
sociation been reported. Given the similar binding speci-
ficity of MCL-1 and BFL-1/A1 for the NOXA BH3, it may
be worth evaluating the interactions between these pro-
teins in intact cells.

NOXA and MULE control MCL-1 and BAK
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BCL-xL picks up the slack and has your BAK

The mystery as to why MCL-1 elimination is not suffi-
cient for cell death was revealed with the discovery that
the BAK BH3 also binds the groove of BCL-xL (Sattler et
al. 1997) and has high affinity for BCL-xL (Willis et al.
2005). Furthermore, BAK is bound to BCL-xL and to
MCL-1 in healthy cells, and liberation of BAK from both
MCL-1 and BCL-xL is required for apoptosis (Willis et al.
2005). As NOXA does not bind BCL-xL, this indicates
that another BCL-xL-specific BH3-only protein is re-
quired for activation of the BAK–BCL-xL axis (Fig. 1).
Fusion of the BAD BH3 to BIMS, which can bind BCL-xL

but not MCL-1, cooperates with NOXA to induce apo-
ptosis, as does a NOXA mutant with a BH3 engineered to
bind both MCL-1 and BCL-xL. Finally, NOXA kills BCL-
xL-deficient but not wild-type cells, providing support
for the dual sequestration model for BAK. Thus, coordi-
nate regulation of the BAK–MCL-1 axis and the BAK–
BCL-xL axis may be required for efficient therapeutic
modulation of apoptosis.

Consequences for therapeutic modulation of apoptosis

Understanding the specificities of endogenous BH3 in-
teractions in intact cells will be essential for developing
effective therapeutics targeting the apoptotic response.
The situation may be more complex in various disease
states, such as cancer where apoptosis is often altered, or
if tissue-specific expression or regulation of various
BCL-2 family member is significant. Establishing the ba-
sic principles by which the BCL-2 family is regulated,
particularly deciphering the binding code that governs
their interactions with each other, is an important first
step. As BCL-2 is up-regulated in some human cancers
(Cory et al. 2003), the identification of a process that can
bypass BCL-2 through specific BH3-only protein-medi-
ated activation of BAK to induce apoptosis is important.
MCL-1 has been implicated in the promotion of lym-
phomagenesis (Zhou et al. 2001), while bcl-x and bfl-1/
a1 are transcriptional targets of the NF-�B family, many
members of which are notoriously oncogenic (Karin et
al. 2002; Kucharczak et al. 2003). Thus effective thera-
pies may rely on defeating the function of anti-apoptotic
BCL-2 family members and this acquired resistance to
apoptosis. Understanding the function, mode of interac-
tion, and the regulation of these important proteins
takes us one step closer to this goal of activating apopto-
sis in tumor cells with acquired resistance. Similarly, the
loss of function of proapoptotic BCL-2 family members
contributes to oncogenesis (Degenhardt et al. 2002a;
Ranger et al. 2003; Zinkel et al. 2003; Egle et al. 2004;
Hemann et al. 2004; Tan et al. 2005). Identifying alter-
nate means for reactivation of death programs to bypass
these defects requires a blueprint of the signaling path-
ways in which they participate and their mechanisms of
regulation.

Looking upstream of BAK

In this regard it is interesting to note that while NF-�B is
generally anti-apoptotic, it can sensitize cells to apopto-

sis in response to particular death-inducing stimuli in
certain cells (Kucharczak et al. 2003; Perkins 2004). The
anti-apoptotic versus proapoptotic effects of NF-�B in
response to certain DNA damage-inducing stimuli may
converge, at least in part, on its ability to regulate bcl-x
gene expression. Indeed, recent studies showed that
some stimuli that induce DNA damage inhibit NF-�B-
dependent transactivation of anti-apoptotic genes such
as bcl-x by promoting the association of RELA with his-
tone deacetylases, thereby facilitating cell death (Camp-
bell et al. 2004). Conversely, attenuation of the apoptotic
response to lower amounts of UVC-induced DNA dam-
age (Kato et al. 2003) may derive from the ability of NF-
�B to induce bcl-x transcription. Although MCL-1 has
not been reported to be an NF-�B target, its expression is
regulated by the mitogen-activated protein (MAP) ki-
nase, PI-3 kinase, and JAK/STAT pathways (Michels et
al. 2004) with similarly prominent roles in oncogenesis.
It is tempting to speculate that BCL-xL plays a central
role in NF-�B-mediated survival in response to certain
DNA damaging stimuli by suppressing BAK activation.
The dual ability of BAK to be sequestered by MCL-1 and
BCL-xL, and their independent modes of regulation, re-
veal that defeating survival signaling in cancer may be
best accomplished through inhibition of both mecha-
nisms of BAK sequestration.

Details are important

Many known cancer therapeutics work either directly or
indirectly, in all or in part, through the activation of
apoptosis. Newer targeted therapeutics directed against
specific activating mutational events in particular can-
cers, affecting kinases for example, cause tumor cell ap-
optosis, presumably through inhibition of survival sig-
naling pathways. A new class of cancer therapeutics rep-
resented by Velcade (bortezomib, PS-341) targets the
proteasome, which may prevent NF-�B-mediated anti-
apoptotic function by blocking proteasome-mediated
degradation of the NF-�B inhibitor I�B (Rajkumar et al.
2005). The ubiquitin proteasome pathway also regulates
the proapoptotic BH3-only protein BIM, where activa-
tion of the MAP kinase pathway phosphorylates BIM,
thereby promoting its destruction (Akiyama et al. 2003;
Ley et al. 2003; Luciano et al. 2003). BIM elimination by
MAP kinase pathway activation in tumors renders them
refractory to chemotherapy by taxanes, which require
BIM for apoptosis, and coadministration of Velcade re-
stores BIM accumulation to enable tumor regression
(Tan et al. 2005). One puzzle in this scenario is the speci-
ficity of Velcade for re-enabling BIM-mediated tumor ap-
optosis, where Velcade could have easily instead pro-
moted accumulation of MCL-1 and tumor survival. We
now know that both MCL-1 and BCL-xL can sequester
BAK (Willis et al. 2005), but in the presence of an apo-
ptotic stimulus, only MCL-1 is targeted for proteasome-
mediated degradation, whereas BCL-xL instead translo-
cates to mitochondria (Nijhawan et al. 2003) where it
can associate with BAK. The functional redundancy of
these two anti-apoptotic proteins, only one of which is
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regulated by the proteasome, may limit the impact of a
proteasome inhibitor on this step of apoptotic signaling.
Alternativley, the BH3 of BIM, in stark contrast to that
of NOXA, is broadly specific for many BCL-2 family
members (Letai et al. 2002; Chen et al. 2005; Willis et al.
2005). Thus, inhibiting BIM degradation with Velcade
may be the dominant activity in directing the proapo-
ptotic response to taxane-mediated chemotherapy. Thus,
understanding the fundamentals of apoptosis regulation,
deciphering how apoptotic pathways are altered in hu-
man cancers, and establishing the means by which thera-
peutics work to activate apoptosis are all important for
linking tumor genotype to a rational approach to combi-
nation chemotherapy.
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