
Introduction

Programmed cell death or apoptosis is a process of self-
destruction with distinctive morphological features, which
is important to embryonic development, maintenance of
homeostasis, and pathogenesis of many diseases (48,50).
Apoptosis is like a cellular death producing manufactory
with a number of employees. Many workers such as caspase
enzymes execute the job of the killers but it is up to the of-
ficers, who control the production and the managers who
integrate the communication within the factory to decide
whether the cell machinery will stop or continue working.
One of these managers and officers are proteins of Bcl-2
family.

To understand properly the particular functions of Bcl-2
proteins we shall primarily describe from where the death
signal comes from, how is it mediated and executed and
then how Bcl-2 proteins affect it.

1. Triggering the programmed death

A great number of death stimuli might trigger a pro-
grammed cell death. They can induce a death signal, which
further expands by at least two caspase-dependent signal-
ling pathways. The death receptor pathway is usually dis-
cussed as the first one. Members of TNF (Tumour Necrosis
Factor) super family trigger apoptosis extracellularly. The
second pathway is called mitochondrial.

1.1 Death receptor pathway
TNF-like members such as TNFα, TRAIL (TNF-

Related Apoptosis Inducing Ligand), FasL (also called
CD95L) and TWEAK (TNF-like weak inducer of apopto-
sis) also designated as death ligands (25) bind to specific
death receptors (DR) integrated in cytoplasmic membrane,
thus inducing DR trimerisation. This causes a recruitment
of adaptor proteins TRADD (TNF-Receptor-1 Associated
Death Domain) and/or FADD (Fas-Associated Death
Domain), which happens via 70–80 amino acid interaction
motifs, called the death domain. TRADD and FADD con-
tain another motif, called the death effector domain (DED)
which recruits an immature protease, procaspase-8 (see be-
low), leading to the formation of the death inducing signal-
ling complex (DISC).

1.1.1 Caspase family
An essential step in the execution phase of the apop-

totic death program involves the sequential cleavage and
activation of a hierarchical cascade of cystein-aspartate
proteases, caspases, which are the key workers of the apop-
totic machinery.

They are minimally activated in the healthy cells being
synthesized as zymogens, which need further enzymatic
activation at specific aspartate residues to fulfil their func-
tion. Caspases can be classified as the initiators of apopto-
sis, including so-called apical or upstream caspase-2, -8, -9,
-10 and, probably, -11 and the executioners of apoptosis
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(downstream caspases), which are caspase-3, -6 and -7 (35).
The initiator caspases appear at the beginning of the death
signal pathway and they are characterised by presence of an
extended N-terminal caspase recruitment domain (CARD)
or DED (see above). In order to be activated caspases bind
by these domains to the specific scaffold or adaptor prote-
ins (e.g. TRADD, FADD) whose task is to ensure close
proximity permitting proteolytical auto processing of mole-
cules of procaspases (39).

Effector caspases or executioners of apoptosis, in turn,
do that crucial job and cleave the vital cellular substrates
and they are responsible for the nucleus breakdown and
characteristic morphological and biochemical features of
apoptosis (formation of apoptotic bodies, exposure of
phophatidylserine at the surface of the cytoplasmic mem-
brane as a signal to macrophages for subsequent phago-
cytosis etc.).

By the proteolytic cleavage in DISC procaspase-8 be-
comes the mature initiator caspase-8 that transmits and
amplifies the death-inducing signal to other downstream
executioner caspases such as caspase-3, -6 and -7.

In contrast to mitochondrial pathway, the death receptor
pathway is out of control of Bcl-2 family proteins, although
the simple model of TNF-like members-mediated apoptosis
is complicated by the existence of an amplification loop in
cases of low initial caspase-8 activation. In this scenario,
caspase-8 activates the pro-apoptotic BH3-only protein Bid
that translocates to mitochondria and induces cytochrome
c release (3); see Activation of BH3-only death factors.

Receptor pathway can be inhibited by the caspase-8 ho-
mologue FLIP which contains its own DED and it can in-
teract with adaptor proteins but it can not transmit the
death signal because it is not capable of cleavage of other
caspases (29). Alternatively, a competitive inhibition might
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Fig. 1: Schematic model of apoptotic signalling pathways leading to activation of caspase-3. In the death receptor pathway
plays the key role caspase-8, which is activated in the death inducing signalling complex localized near the cytoplasmatic
membrane. Mature caspase-8 then cleaves either procaspase-3 or (in the case of its low activation) Bid (22 kDa) into t-Bid
(15 kDa). t-Bid translocates to mitochondria where it induces changes of mitochondrial membrane with subsequent re-
lease of cytochrome c. The mitochondrial pathway is under control of Bcl-2 proteins. The activation of Bax-like proteins
leads as well to mitochondrial membrane permeabilization. Bcl-2–like survival factors block these events by binding Bax-
like and BH3–only proteins either from mitochondria or ER. The release of cytochrome c later results in activation of cas-
pase-9, which together with caspase-8 activates the main executioner of apoptosis, caspase-3. For more details see text
(according to 18).



appear as an action of inhibitor of apoptosis proteins
(IAPs), which compete with caspases at the active sites of
their substrates (43).

1.2 Mitochondrial pathway
Several death receptor-independent apoptotic stimuli

can contribute to triggering mitochondrial pathway: UV-
and γ-irradiation, chemotherapeutic drugs, viruses, bacte-
ria, withdrawal of cytokines, neutrophins and growth fac-
tors or anoikis – detachment from the extracellular matrix
(5). As Scaffidi et al. (42) reported, under certain circum-
stances (especially in some so-called type II cells) TNF-like
factors can also trigger mitochondrial pathway in order to
amplify the death signal in the case that caspase-8 is mini-
mally activated (see Activation of BH3-only death factors).

Each of these stimuli targets certain cellular compo-
nents and transmits the death signal up to mitochondria.
We still know little about the exact mechanism, but mito-
chondria must play a central role in this pathway, since it is
sure that the outer membrane gets permeable for some pro-
teins of the mitochondrial intermembrane space, which
further plays a crucial role in activation of the main down-
stream caspases. It is cytochrome c, which is probably the
most important protein involved. When cytochrome c is
released from mitochondria it binds WD-40 repeats of
another protein, Apaf-1, thus triggering its ATP-dependent
oligomerization and formation of so-called apoptosome,
a large apoptosomal complex of 1.4 MDa. This complex
recruits procaspase-9 and allosterically enhances (by about
1000-fold) its activity, which leads to effective cleavage of
caspase-3 and caspase-7 (40).

Bcl-2 family members do not control only the release
of cytochrome c from the outer mitochondrial membrane,
but also almost 30 other proteins (33). One of them is the
“Second mitochondria-derived activator of caspase” (Smac)
and serine protease Htr2A/Omi whose task is to ensure
apoptosome formation by triggering sequestration and/or
degradation of cytosolic proteins – inhibitors of apoptosis
(IAPs) – preventing their caspase inhibitory function (49).
Anyway, the most important regulators of mitochondrial
apoptotic pathway are Bcl-2 proteins. How do they influence
mitochondria and what is the mode of their action?

2. Bcl-2 protein family

In higher eukaryotes this family involves up to 30 ho-
mologues that can have absolutely different impact on the
cell fate by promoting or inhibiting apoptosis depending on
their structural features. These features are Bcl-2 homology
(BH) domains being highly conserved throughout this fa-
mily. The pro-survival proteins contain BH1, BH2, BH3
and BH4 domain, whereas the pro-death members have, at
least, a BH3 domain (17). The Bcl-2 family classification
derives from homologues encoded in Caenorhabditis ele-
gans, a nematode on which the first apoptotic studies were
performed.

Bcl-2 proteins can be grouped in three categories: (i)
Bcl-2-like survival factors such as Bcl-2, Bcl-XL, Bcl-w, Mcl-1,
A1/Bfl-1, NR-13, Boo/Diva/Bcl-2-L-10 and Bcl-B; (ii) pro-
apoptotic BH3-only death factors such as Bik/Nbk, Blk,
Hrk/DP5, BNIP3, BimL/Bod, Bad, Bid, Noxa, PUMA/
Bbc3 and Bmf; and (iii) pro-apoptotic Bax-like factors Bax,
Bak, Bok/Mtd, Bcl-xs and Drosophila DEBCL, a subgroup
not presented in C. elegans (5).

2.1 Bcl-2-like survival factors
Every Bcl-2 like survival factor contains three to four

homology domains (BH1–BH4). The BH1–BH3 domains
form the hydrophobic pocket and the N-terminal BH4 do-
main stabilizes the protein structure from the backside (2).
Since Petros et al. (34) referred about the NMR structure
of Bcl-xL complex with the BH3 domain of the death factors
Bak and Bad, we know that BH3 domain is a random coil
when free in solution, but it adopts an amphiphatic α-helix
when completed with another protein member. Therefore it
just fits into the hydrophobic pocket, thus forming a hete-
rodi/oligomer.

However, there are reports indicating that mode of ac-
tion of Bcl-like survival factors is tricky and more complex.
First, BH3 domains are not available for binding in all pro-
teins at all times needing a post-translation modification
and/or a conformational change (41; see Bax-like and BH3-
only death factors below). Second, a plenty of proteins
(such as R-Ras, Raf-1, calcineurin, Bap31, BAG-1/Hsc70
or p53 binding protein – p53BP-2) without BH3 domain
were shown to bind Bcl-2 survival factors (38). Third, so-
lution of Bcl-2 and Bcl-xL structure revealed surprising
structural homology with bacterial pore-forming toxins
such as colchicin and diphteria toxin (2, 34), so it is likely
that Bcl-2-like proteins use part of the hydrophobic pocket
for other purposes than binding, namely for formation of
ion- or protein-conducting channels (45). Finally, Bcl-2
was shown to prevent lipid peroxidation by scavenging oxy-
gen radicals functioning as an antioxidant (19) or by inhi-
bition of caspases involved in production of oxygen
radicals. In addition, we also have to consider regulatory
effects of proteins that are not presented under in vitro
binding conditions.

Briefly, Bcl-2-like survival factors tail-anchored in intra-
cellular membranes (mitochondrial, nuclear, endoplasmic
reticulum) can scavenge pro-apoptotic death factors (and
even some BH3–lacking proteins) and in contrast to the
death factors they do so without any major change in con-
formation or subcellular localization (5).

2.2 Bax-like death factors
This subgroup consists of four members. The first one

isolated was named Bax for Bcl-2-associated protein X, since
it immunoprecipitated together with Bcl-2 and blocked its
survival activity when co-expressed (31). Two other homo-
logues were isolated in mammals, Bak and Bok/Mtd (16,
20) and one in Drosophila, Drob/dBorg/DEBCL (7,11).
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Bax-like death factors comprise BH1–BH3 domains and
their pro-apoptotic behaviour was originally associated with
the lack of stabilizing BH4 domain as its absence could un-
fold the hydrophobic pocket and trigger conformational
changes conferring pro-apoptotic activity. Nevertheless,
there are some cellular proteins such as Mcl-1 or A1 and all
viral homologues lacking BH4 region and they are potent
cell survival and not death factors (1). Moreover, Bcl-xL
lacks BH1 and BH2 but retains BH4 and possesses pro-sur-
vival activity (4).

2.2.1 Mitochondrial targeting
The diversity of the BH3-region helix seems to be cru-

cial for mitochondrial targeting and later pro-apoptotic ac-
tivity. It is less packed to the hydrophobic pocket in Bax
than in Bcl-xL and therefore more available for binding to
the hydrophobic grooves of Bcl-2-like survival factors (41).
Another difference consists in the fact that hydrophobic
membrane-anchoring C-terminus (α9) of Bcl-2 is exposed
immediately after proteosynthesis and needs to be targeted
to membranes instantly in order to prevent clustering and
precipitation. On the other hand, α9 terminus of molecule
of Bax is folded back in the hydrophobic groove and there-
fore it is protected from binding to membranes as well as to
other proteins (30) at least until α9 is exposed.

Mitochondrial targeting of Bax is determined by some
yet unknown protein or post-translational modification that
uncovers α9, but we still do not fully understand the me-
chanism of membrane targeting, insertion, oligomerization
and channel formation on molecular level. One model
proposes that Bax is weakly attached to mitochondrial
membrane, with intact hydrophobic pocket and it is kept in-
active by an unknown inhibitory protein or by a specific li-
pid. Another model involves conformational changes and
exposure of BH3 domain which enables either Bcl-2-like
factors inhibition of Bax and cell survival upon death signal
or stable membrane insertion of Bax, oligomerization
and/or interaction with VDAC/ANT (voltage-dependent
anion channel, adenosine nucleotide transporter). Sub-
sequent pore or channel formation releases cytochrome
c and triggers caspase cascade (5).

2.2.2 Mode of action of Bax-like death factors is not fully
elucidated

Mitochondria have been the focus of the majority of stu-
dies aimed at explaining the role of the Bcl-2 family in cell
death. Evidences for such a role are: loss of mitochondrial
potential and release of pro-apoptotic factors including
cytochrome c, AIF and caspase activation upon disruption
of mitochondrial membrane (17) which probably involves
channel formation and its opening rather than membrane
rupture. It is not clear whether Bax directly forms a chan-
nel or interacts with a pre-existing one. Even number of in-
vestigators (32,28,44) has not found an importance of PT
pore for the cytochrome c-releasing activity of Bax. On the
other hand, such a channel might be permeability transi-

tion (PT) pore whose main components are voltage-de-
pendent anion channel (VDAC) in the outer membrane,
adenosine nucleotide transporter (ANT) in the inner mem-
brane and cyclophilin D in the matrix. This channel allows
passage of molecules up to 1.5 kDa, therefore one hypothe-
sis is that Bax would interact with PT pore increasing its
size. Then even higher molecular weight molecules (up to
15 kDa) as cytochrome c can pass through (54).

In summary, Bax-like death factors either form channels
or interact with channel-forming proteins, and as Kors-
meyer (21) proposed, Bcl-2 survival factors (tail-anchored
to different intracellular membranes) sequester Bax-like fac-
tors, thus co-working like a survival/death rheostat. Never-
theless, the exact mode of the Bax-like death factors action
stays controversial.

2.3 BH3-only death factors
The BH3-only death factors share only the short BH3

domain with each other and with the rest of the Bcl-2 fa-
mily. They function as mediators of death signalling and
sensors for cellular integrity (e.g. Bim for cytoskeleton inte-
grity, Bad for growth factor withdrawal and Bid as a sensor
for death receptor pathway signalling; see below). BH3-on-
lies are kept in an inert state preventing inappropriate cell
death and one or several of the following mechanisms acti-
vate them.

2.3.1 Activation of BH3-only death factors
Each of mammalian BH3-onlies is regulated differently,

depending on the nature of the protein and the origin of
apoptotic stimulus. One mechanism is transcriptional in-
duction. For example p53 is a transcription factor that in-
duces PUMA/Bbc3 and Noxa after DNA damage affected
by chemotherapeutics, UV- and γ-irradiation (22).

Cytokine or growth factor withdrawal, anoikis and de-
ath receptor ligation induce a second possible way of BH3-
onlies activation – post-translational modification –
phospho- rylation/dephosphorylation. For instance, phos-
phorylated Bad is inactive and sequestered in cytoplasm by
binding to 14–3–3 scaffold protein (55). Dephosphoryla-
tion of Bad processed by calcineurin (51) makes Bad free
and available for interaction with Bcl-2-like survival factors,
thus triggering apoptosis.

Another mechanism is based on proteolysis; it involves
Bid when the death receptor pathway is not fully activated.
Active caspase-8 cleaves Bid (22 kDa) into a truncated frag-
ment, tBid (15 kDa), thereby exposing a binding site for
N-myristoylation (56), which together with its high affinity
to mitochondrial cardiolipin (26) causes targeting of tBid
to mitochondria (24). tBid seems to change lipid composi-
tion of the outer mitochondrial membrane (15), making it
more permeable during apoptosis. Besides that, tBid is able
to release Bax-like factors from Bcl-2-like factors as well as
to stimulate oligomerization and membrane insertion of
Bax and Bak (14,52). Pro-apoptotic role of Bid is undeni-
able, but probably cell-type dependent (53). Moreover, Bid
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can be cleaved also by other caspases (24) and even by non-
caspase proteases e.g. cathepsin B (46), but so far this of-
ten occurs after mitochondria perforation and probably
serves as a positive feedback loop.

Lastly, BH3-onlies are bound in the inactive state to the
important macromolecular structures such as microtubules
being placed as the stress sensors that are released after
apoptotic stimuli. For instance, Bim is bound to a light
chain of dynein motor complex on microtubules. Taxol,
a microtubule-polymerising drug, can trigger the release of
Bim and its association with Bcl-2/ Bcl-XL (36).

In summary, once BH3-onlies are post/translationally
activated, they interplay with Bcl-2-like survival factors.
They inactivate Bcl-2-like survival factors that restrict Bax-
like death factors oligomerization. These free pro-apoptotic
factors undergo conformational changes, subsequently dis-
turb the outer mitochondrial membrane and release caspa-
se-activating and other pro-apoptotic factors (23).

3. Conclusion: Bcl-2 inspectors 
and superintendents

In the cell death producing machinery Bcl-2 family pro-
teins are working on the very important posts. The fact that
they exist as inactive conformers needing activation by
death signals suggests that members of this family are stra-
tegically positioned within the cell (just like the inspectors)
to record damage at the specific sites and to rapidly con-
verge diverse cell injuries on the common apoptotic path-
way (8). In mammals, the execution of the most of so-called
“death orders“ takes place by the central part of the manu-
factory – the mitochondrion. This is the target of the Bcl-2
family proteins, the mediators of apoptosis. Their major
function is to directly control the outer mitochondrial
membrane permeability and subsequent release of several
pro-apoptogenic factors (cytochrome c, Smac etc.) although
the exact mechanism is still to be determined.

Subcellular distribution of Bcl-2 family proteins no
doubt plays a crucial role in their ability to regulate apop-
tosis. Some of these superintendents (Bcl-2) are also loca-
lized on endoplasmic reticulum serving as a first line of
defence against apoptotic signals (5). They sequestrate pro-
apoptotic proteins keeping them away from their site of
action (the mitochondria). On the other hand, Bcl-2 and
Bcl-xL on the mitochondria inhibit the death factors that
have already accumulated there (47) functioning as a second
defence line.

4. Outlook

Recent genetic and biochemical studies (6,10,37) showed
that Bcl-2 proteins act in coordinated and interdependent
manner, since Bax- and Bak-like pro-apoptotic proteins are
not able to execute death in the cells where BH3-only pro-
teins have not been activated in response to the stress sti-
muli. Despite of increasing number of publications and new

findings about the interactions among Bcl-2 family proteins
we are still far from full understanding the complexity of
the controlling pathways. Basically, BH3-only proteins
(activated via one of the mechanisms mentioned above)
can act through Bcl-2 and Bax subfamilies because they
contain the binding site for BH3-only proteins (the hydro-
phobic pocket). However, this fact contradicts a variety of
recent findings, which might be misguiding. Most of the
contemporary studies have been done with over expressed
proteins and the binding affinities among particular Bcl-2
proteins have not been determined yet. Therefore, we can
hardly say which interactions might occur under the physio-
logical conditions. Hence, only some general models of the
mode of the Bcl-2 family action can be proposed.

We are still dealing with the questions like what mecha-
nisms induce the loss of mitochondrial integrity, how the
intramitochondrial proteins are released, what role plays
calcium in this process etc. Answering such questions will
surely help us to find new therapeutic attitudes (9,12,27)
and it would be probably of great implications because phy-
siological apoptosis is essential for healthy development
and homeostasis of mammals.

Dysregulation of programmed cell death leads to vari-
ous diseases in humans, including cancer, certain neuro-
degenerative diseases etc. For example, failure to remove
autoimmune cells (that arise during development or that
develop as a result of somatic mutation during an immune
response) can result in autoimmune diseases or (in the case
of damaged or mutant cells) in cancer. Therefore com-
pounds that block survival and activate pro-apoptotic pro-
teins as recently discovered BH3-mimetics (13) could offer
a new way to treat cancer and other diseases. This way
would be targeted at Bcl-2 proteins family but a lot of
further work in this field is needed.
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