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CONTROLLING MITOCHONDRIAL OUTER
MEMBRANE PERMEABILIZATION

We are now near the top of the mitochondrial
pathway of apoptosis, at the point before the
mitochondrial outer membrane permeabilizes
to release proteins such as cytochrome c into
the cytosol. This is where the major decisions
are made that determine whether a cell will die
by engaging this pathway. And these decisions
depend on interactions among members of the
BCL-2 family of proteins.

The BCL-2 proteins, named for the first
family member to be described (B cell lympho-
ma-2), are a collection of related molecules
found throughout the animal kingdom. They
share only limited sequence similarity, except
in short regions called BCL-2 homology (BH)
domains, and can be grouped according to
which of these domains they carry and, as we
will see, by their functions. A list of several BCL-
2 proteins in mammals and their BH domains is
shown in Figure 1.

There are three “flavors” of BCL-2 proteins.
The pro-apoptotic BCL-2 effectors promote ap-
optosis by causing mitochondrial outer mem-

brane permeabilization (MOMP). These are
the proteins that essentially make the holes in
the outer mitochondrial membrane. The anti-
apoptotic BCL-2 proteins, which include BCL-2
itself, prevent apoptosis by preventing MOMP.
The third group is a subfamily of proteins that
promote apoptosis by regulating the other two
types of BCL-2 molecules. These are the BH3-
only proteins, which share only the BH3
domain, hence their somewhat unfortunate
designation.

The BCL-2 proteins are an alphabet soup of
names, some sounding nearly identical and oth-
ers bordering on the unpronounceable (BMF is
“bimf,” if that helps). The acronyms have ceased
to have any real meaning, and we will treat them
here as simple (if confusing) names.1 Neverthe-
less, these molecules are essential to the mito-
chondrial pathway of apoptosis.

BAX AND BAK ARE THE EFFECTORS
OF MOMP

At first glance, BAX and BAK seem to be quite
different proteins, sharing little sequence simi-

1To make matters a bit worse, many of the BH3-only proteins have distinct gene names (the gene encoding PUMA is BBC3).
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larity outside the short BH1, BH2, and BH3 do-
mains. BAX is generally soluble in the cytosol
but moves to mitochondria when apoptosis is

induced (Fig. 2). In contrast, BAK is tethered
to mitochondria in the cell by its carboxy-ter-
minal region.

When BAX and BAK are activated, they
bury themselves in the mitochondrial outer
membrane, where they form oligomers of mul-
tiple sizes. Studies using artificial membranes
have shown that these oligomers can form
holes in membranes (technically, these are
not pores or channels, both of which are
much more organized). These openings are ca-
pable of allowing large molecules to pass
through the membrane and effect the process
of MOMP.

Mice engineered to lack either BAX or BAK
develop normally, although BAX-deficient
mice have reproductive problems, and cells
from these animals undergo MOMP and apo-
ptosis normally. However, animals lacking both
BAX and BAK are another story—these have
severe developmental defects that are usually
lethal to the embryo. Cells from such double-
deficient animals do not undergo MOMP or
engage the mitochondrial pathway of apoptosis.
Therefore, this seems to be a striking case of
molecular redundancy—either BAX or BAK
can effect MOMP, but at least one must be
present.

Another BCL-2 family protein, BOK, is also
a pro-apoptotic effector (together with BAX and
BAK). Like BAX and BAK, BOK can effect
MOMP to cause apoptosis. However, it is regu-
lated in a distinct manner from that of the other
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Figure 1. BH domain organization of selected mem-
bers of the BCL-2 family. TM, transmembrane do-
main (although in some cases, this is sequestered by
the BH groove).

Figure 2. BAXmoves from the cytosol to the mitochondrial outer membrane during apoptosis. A cell engineered
to express both BAX linked to green fluorescent protein (BAX–GFP) and a red fluorescent protein (RFP) that
localizes to mitochondria was induced to undergo apoptosis. BAX (green) moves onto the mitochondria (red),
revealed as the development of a yellow signal (i.e., merging of red and green emissions) over time. The first image
was taken several hours after the initial stress. (Courtesy of Dr. Stephen Tait, University of Glasgow, Scotland,
United Kingdom).
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effector proteins, and it is not involved in the
responses to most of the stimuli that engage
BAX and BAK.

The pro-apoptotic BCL-2 effector proteins
directly cause MOMP by oligomerizing and in-
serting into themitochondrial outer membrane.
There are two models for how they do this. One
model suggests that the activated proteins form
a pore that is lined with the effector molecules
arranged in their oligomeric complexes. An al-
ternative model suggests instead that hydropho-
bic amino acids that are exposed in the activated
effectors disrupt the lipids in the membrane,
such that they produce a “lipidic pore” (Fig. 3).
Although there is evidence for both models,
most favors the lipidic pore—although this re-
mains controversial.

Apoptosis is activated by oncogenic trans-
formation and suppresses cancer unless the
apoptotic pathway is disrupted (Green 2022a).
From this perspective, it is not surprising that
tumors sometimes mutate BAX or BAK and
may delete BOK. This is not, however, the only
way a cancer can avoid cell death.

ANTI-APOPTOTIC BCL-2 PROTEINS
PREVENT MOMP

The anti-apoptotic proteins BCL-2, BCL-xL,
MCL-1, and A1 (among others) all act to pre-
vent MOMP and block the mitochondrial path-
way of apoptosis. These could work simply by
preventing the oligomerization of BAX and
BAK, which indeed they do. But how they do
this brings us to the edge of waters that were

mademurky by a controversy that is now resolv-
ing into clarity.

At first, everything seems pretty simple. The
anti-apoptotic BCL-2 proteins bind to active
BAX and BAK. More specifically, they bind to
the BH3 regions of BAX and BAK. The struc-
tures of BCL-xL bound to a peptide correspond-
ing to the BH3 of BAX or BAK have been solved
and are fairly informative (Fig. 4).

The BH3 domains of BAX and BAK bind to
a groove in BCL-xL formed from α-helices
containing its BH1, BH2, and BH3 domains
(the so-called BH groove2). This binding pocket
is present in all of the anti-apoptotic BCL-2
proteins and is clearly crucial for their anti-
apoptotic function because mutations affecting
it can destroy the ability to block MOMP and
apoptosis.

Here is the first bit of murk. Given that the
BH3 regions of BAX and BAK are not exposed
in the native proteins (Fig. 5), how could anti-
apoptotic BCL-2 proteins bind to them? Indeed,
if anti-apoptotic BCL-2 proteins are mixed with
BAX or BAK, they do not bind them. However,
if detergents are added, they now bind readily.
This is a useful hint to what is going on: Anti-
apoptotic BCL-2 proteins and pro-apoptotic
effectors can only interact when they are em-

Proteinaceous pore Lipidic pore

Figure 3. Proteinaceous versus lipidic pores. In a proteinaceous pore, the pore-forming protein “coats” the pore,
penetrating the membrane. In a lipidic pore, the protein causes changes in the membrane lipids to produce the
opening. Although some models propose a proteinaceous pore comprising the effector proteins (BAX, BAK, or
BOK) for MOMP, most evidence supports the idea that these proteins induce the formation of lipidic pores to
effect MOMP.

2This is also called a “BC groove,” with the “B” referring to
the binding of BH3 regions of target proteins and the “C”
referring to the binding of the protein’s own carboxyl termi-
nus in some of the structured BCL-2 proteins. Here, we use
“BH groove” because it is formed from the BH1, BH2, and
BH3 domains.
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bedded in a hydrophobic environment, such as
the outer mitochondrial membrane.

So far, so good. Biochemical evidence indi-
cates that, as BAX or BAK are activated, this ex-
posestheBH3domainof theprotein,whichopens
a groove into which the BH3 domain of another
BAXorBAKmolecule canbind, forming adimer.
BCL-xL, then, can prevent this step in oligomeri-
zation by binding to this exposed BH3 domain
and thereby preventing the BAX–BAX or BAK–
BAK interactions required for MOMP (Fig. 6).

The binding of anti-apoptotic BCL-2 pro-
teins to BAX and BAK is not universal—there
is some specificity to the interactions. The BH3

domain of BAK binds to the BHpockets of BCL-
xL and MCL-1 very well, but much less effec-
tively to BCL-2. Conversely, the BH3 domain of
BAX binds very well to BCL-xL and BCL-2, but
poorly to MCL-1 (Fig. 7).

But here the already murky waters deepen.
MCL-1, despite binding poorly to BAX, can
block apoptosis very well when apoptosis is me-
diated by BAX (e.g., when there is no BAK). Sim-
ilarly, BCL-2 binds poorly to BAK but prevents
apoptosis that is mediated by BAK (e.g., when
there is no BAX). We can conclude from this
that apoptosis is not simply controlled by the
balance of anti-apoptotic BCL-2 proteins and
the pro-apoptotic effectors BAX and BAK. The
latter idea, once called the “rheostat model” (Fig.
8), is not quite right—something is missing.

BH3-ONLY PROTEINS PROMOTE MOMP
AND APOPTOSIS

The “somethings” missing are the BH3-only
proteins. Although the BH3 domains of BAX
and BAK bind to the anti-apoptotic BCL-2 pro-
teins, the BH3-only proteins also bind to the BH
grooves of the anti-apoptotic molecules. The
BH3 domain is not well conserved, however,
and does not have sufficient sequence character-
istics to permit its simple identification by
straightforward bioinformatic approaches. Con-
sequently, BH3-only proteins are generally iden-
tified by their functions (i.e., binding to anti-ap-
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Figure 4. Structure of BCL-xL, a globular protein with
eight α-helices (numbered 1–8, top). The four BCL-2
homology (BH) regions, BH1–BH4, are also shown.
The structure on the bottom shows the groove formed
by BH1, BH2, and BH3, bound to a BH3 peptide from
BAK (pale blue). (Top, PDB 1MAZ [Muchmore et al.
1996]; bottom, PDB 1BXL [Sattler et al. 1997].)
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Figure 5. Effector BCL-2 family members BAX and
BAK. The BCL-2 homology (BH) regions BH1, BH2,
and BH3 are shown, as is the carboxy-terminal tail of
BAX (gold). (Left, PDB 1F16 [Suzuki et al. 2000];
right, PDB 2IMS [Moldoveanu et al. 2006].)
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optotic BCL-2 proteins via a BH3-like region).
Therefore, we do not know whether there are
moreBH3-only proteinswaiting tobe elucidated
or whether other unrelated sequences can have
similar functions (we return to this idea later).
Some examples of bona fide BH3 sequences in
BH3-only proteins are shown in Figure 9.

Unlike the pro-apoptotic effectors BAX and
BAK, most of the BH3-only proteins are intrin-
sically unstructured, and their BH3 regions
might be readily available for binding once
the BH3 proteins are synthesized, rather than
requiring activation by another protein. (An
exception to this is the BH3-only protein
BID, discussed in more detail below.) These
BH3-only proteins can therefore interfere
with the ability of an anti-apoptotic protein
to bind to the BH3 region of other proteins
and thus neutralize them. This depends, of

course, on how well the BH3-only protein
binds to a particular anti-apoptotic BCL-2 pro-
tein (and how much of the BH3-only protein is
available). Figure 10 shows the relative specific-
ities of several BH3 peptides from BH3-only
proteins for different anti-apoptotic BCL-2
proteins.

In a cell expressing both BCL-2 and MCL-1,
neutralization of only BCL-2 (e.g., by BAD)
might not be sufficient to promote apoptosis
unless MCL-1 is also blocked (e.g., by NOXA).
This tells us that there could be cooperation be-
tween the BH3-only proteins in controlling ap-

BAK
Activated BAK
exposes BH3

Oligomerization and MOMP

Mitochondrial 
membrane

BAK BCL-xL MOMP blocked

Exposed BH3

BH grooveExposed BH3

Figure 6. BAK activation and inhibition.When BAK is activated, it exposes its BH3 region and appears to create a
BH groove. This allows BAK–BAK oligomerization (upper) or binding of anti-apoptotic BCL-2 proteins that
block oligomerization (lower).
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Figure 7.BAX/BAK specificity of anti-apoptotic BCL-
2 proteins. The binding differences are relative, not
absolute.
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Figure 8. The simple rheostat model. An increase in
BAX or BAK causes apoptosis, whereas an increase in
BCL2, BCL-xL, or MCL-1 results in survival. Prob-
lems with this simple model include the specificities
of anti-apoptotic proteins for binding to the pro-ap-
optotic effectors.
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optosis by the mitochondrial pathway. As we
will see, however, inhibiting the anti-apoptotic
BCL-2 proteins might not be enough to induce
MOMP and apoptosis.

SOME BH3-ONLY PROTEINS ACTIVATE
BAX AND BAK

As we saw above, the pro-apoptotic BCL-2 ef-
fectors BAX and BAK undergo conformational
changes, insert into membranes, and oligo-
merize when they are activated. This results in
MOMP unless anti-apoptotic BCL-2 proteins
block them. So, if BH3-only proteins are
available to block the anti-apoptotic BCL-2 pro-
teins, what activates the effectors? It turns out
that some BH3-only proteins have this function
too.

BH3 peptides from the BH3-only proteins
BID and BIM can trigger BAX or BAK oligo-
merization and permeabilization of synthetic
membranes or isolated mitochondria. In addi-
tion, active forms of BID and BIM proteins
can activate BAX and BAK to cause MOMP.
For this reason, they are referred to as “direct
activators.”

The BH3-only protein PUMA is another
direct activator of BAX and BAK. This might
be true of other BH3-only proteins as well, but
we have yet to show this definitively. However,
mice lacking PUMA, BIM, and BID do not
have the developmental defects seen in BAX–
BAK double-knockout mice. Even more re-
markably, cells lacking all known BH3-only
proteins can undergo MOMP and engage the
mitochondrial pathway of apoptosis. Therefore,
it is clear that there are other ways to activate
BAX and BAK in addition to the action of the
BH3-only proteins. There might also be other
proteins or other types of molecular interac-
tions that activate BAX and BAK. One of these
non-BCL-2-family direct activators is consid-
ered in Green (2022a), but there is clearly
more to the activation of BAX and BAK than
we know.
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Figure 9. (Left) BH3 regions of several human BH3-only proteins. BH3 regions of BAX, BAK, and BOK are
shown for comparison. Note the conserved leucine (L) and aspartate (D) residues (�). Hydrophobic residues (h0–
h4) are often (but not always) present where indicated. (Right) The binding of the BH3 region of BIM toMCL-1.
The hydrophobic residues and the conserved aspartate interact with the BH groove of MCL-1.
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Figure 10. Specificities of some BH3-only proteins for
binding to anti-apoptotic BCL-2 proteins Bcl-2, BCL-
xL, and MCL-1.
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ACTIVATION OF BAX AND BAK IS BY
A “HIT-AND-RUN” MECHANISM

When BAX or BAK is activated by BID or BIM,
the BH3-only direct activators do not remain
associated with the pro-apoptotic effector pro-
teins. A physical and transient interaction be-
tween BAX and active BID protein has been
shown using Förster resonance energy transfer
(FRET), a method that can detect interactions
between proteins by monitoring the energy
transfer between fluorescent tags attached to
them. These studies showed that BID and BAX
interact only when they are in membranes and
that this is rapidly followed by the interaction of
BAX with other BAX molecules (i.e., oligomer-
ization) releasing the BH3-only direct activator.
This is then followed by permeabilization of the
membranes, presumably by BAX oligomers.

Insights into how the interaction of a direct
activator with BAX or BAK results in their acti-
vation have come from structural studies. A BH3
peptide from the direct activator BID binds to
BAX or BAK in solution, causing conformation-
al changes in the effector molecules. The direct
activator BID BH3 peptide binds to the BH
groove of BAX or BAK, similar in structure to
the BH grooves in anti-apoptotic BCL-2 pro-
teins, but, unlike the latter, thismoves the “latch”
region of the protein (α6–α8) away from the core
region defined by α1–α5 in BAX or BAK and
exposes the BH3 of the effector (in α2). The bent

core then straightens and interacts with the
membrane (as do exposed hydrophobic amino
acids in α2–α5) (Fig. 11). Meanwhile, the ex-
posed BH3 of the effector binds to the groove
of an adjacent effector molecule, forming a
dimer (Fig. 12). It is likely that this binding dis-
places the BH3 of the direct activator BH3-only
protein, accounting for the hit-and-run kinetics
discussed above. Additional interactions (prob-
ably α6–α6, based on biochemical studies) allow
these dimers to form higher-order oligomers in
the mitochondrial outer membranes.

But why does this only happen on the mito-
chondria? There is evidence that specific lipids
on the mitochondrial outer membrane partici-
pate in the activation process. Cardiolipin, pre-
sent in the cell only on the mitochondrial inner
membrane, can facilitate this activation of ef-
fector molecules, but its presence on the mito-
chondrial outer membrane is controversial.
Conversely, a lipid formed on the mitochon-
drial outer membrane, sphingosine-1-phos-
phate, promotes the BH3-induced activation of
BAK, whereas another product of the same
pathway (the fatty aldehyde 2-trans-hexadeca-
nal) promotes the activation of BAX. Interest-
ingly, this lipid pathway is initiated by enzymes
present in the endoplasmic reticulum (ER), sug-
gesting that contact sites between the mitochon-
dria and the ER are important for MOMP, and
indeed there is evidence that these contact sites
are where MOMP begins.

Core
(α1–α5)

Latch
(α6–α8) 

α1

A B

Figure 11. (A) Structure of activated BAX. Following activation, the “latch” of the protein (α6–α8) moves away
from the core (α2–α5), ultimately straightening α5–α6, and (B) exposed hydrophobic residues in the protein
presumably interact with the lipids of the outer mitochondrial membrane. Similar events occur during activation
of BAK.
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Unlike BAK, BAX is soluble in the cytosol.
In this state, the BH groove of BAX is filled with
the carboxy-terminal α9 helix of the protein.
Another interaction exposes this α9 helix, which
then interacts with the mitochondrial outer
membrane, tethering the protein and preparing
it for the activation events that follow. Other
structural studies suggest a mechanism; the
BIM BH3 domain does not bind to BAX in the

region corresponding to the BH groove of an
anti-apoptotic protein. Instead, it binds to the
“back” of BAX (Fig. 13). This causes conforma-
tional changes in the BAX protein that might
serve to expose the carboxy-terminal α9 helix
of BAX, allowing it to tether to the mitochon-
dria, while making the BH groove accessible to
the BH3 region of direct activator proteins (Fig.
14). Therefore, it appears that there are two dif-
ferent interactions of the activating BH3-only
proteins with BAX—one at the “back” to expose
the BH groove and tether BAX to the mem-
brane, then binding to the BH groove to induce
the opening of the protein and its dimerization
and subsequent oligomerization.

TWO MODELS OF BH3-ONLY PROTEIN
FUNCTION IN APOPTOSIS

Currently, there are at least two different models
for how BH3-only proteins cause MOMP and
apoptosis. As we will see, these models are fairly
similar on reflection, but they might have pro-
foundly different consequences regarding our
ability to manipulate apoptosis for therapeutic
benefit.

In the first model, apoptosis is triggered
when BH3-only proteins disrupt the interac-
tions between anti-apoptotic BCL-2 proteins
and the pro-apoptotic effectors BAX and BAK.

Amino terminus A

Amino terminus B

Figure 12. Activated BAX forms dimers by mutual
BH3–groove interactions. The structure of the dimer
formed by two BAX α2–α5 proteins (blue and green,
respectively) showing the symmetrical binding of the
BH3 from one in the groove of the other.

N N

BIM
BH3

C

C

BH groove

N
N

Figure 13.The BIMBH3 region binds to BAX and induces conformational changes. Twoviews are shown. A BIM
BH3 peptide (yellow) binds to the “back” face of BAX (brown), opposite the BH groove, where it displaces a loop
to cause several subtle rearrangements in BAX. Illustrated are regions of the free (green) and BIM-bound (blue)
BAX that undergo conformational changes. (PDB 1F16 [Suzuki et al. 2000]; overlay, PDB 2K7W [Gavathiotis
et al. 2008].)
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Thismodel is based on the idea that activation of
BAX and/or BAK is neither rate limiting nor a
decision point in cell death or survival. When
active BAX or BAK are displaced from the anti-
apoptotic proteins by the appropriate BH3-only
proteins, BAX and/or BAK self-associate and
promote MOMP and apoptosis. We refer to
this as the “neutralization model” (Fig. 15).

The neutralization model is essentially an
update of the rheostat model (Fig. 8) discussed
earlier, because the relative levels of functional
pro-apoptotic and anti-apoptotic BCL-2 pro-
teins determine whether and when apoptosis
occurs. In it, the BH3-only proteins drive apo-
ptosis by reducing anti-apoptotic activity. Be-
cause BH3-only proteins bind to anti-apoptotic
proteins with differing efficiency, the relation-
ships can be complex, but ultimately life and
death in this model are determined by the net
anti-apoptotic activity in the cell.

In the second model (“direct activator/de-
repressor model”), activation of BAX and BAK
is a crucial component of the process that helps
to make the decision to undergo MOMP. Here,
the anti-apoptotic BCL-2 proteins sequester di-
rect activators of BAX and BAK if such activa-
tors are induced. Other BH3-only proteins drive
apoptosis by displacing the direct activators,
freeing the direct activators to trigger BAX and
BAK. The latter BH3-only proteins, which lack
direct activator function, act as sensitizers or
derepressors in this model. This scheme is
shown in Figure 16.

According to this second model, inhibition
of anti-apoptotic functionality will not neces-
sarily cause MOMP and apoptosis unless mol-
ecules with direct activator function are present.
Themajor problemwith thismodel is that, other
than BID and BIM (and a few others), we do not
know what else activates BAX and BAK.

BAX oligomerization 
and MOMP

Mitochondrial outer membrane

BAXBID

43

52

1

Figure 14.Order of events for BAX activation andMOMP. (1) Active BID binds very rapidly to themitochondrial
outer membrane, and then (2) BID binds to the back of BAX, whereupon (3) BAX inserts its α-helix 9 (α9) into
themembrane. Then (4) BID binds to the BHgroove of BAX, “unlatching”BAX and exposing its BH3, and finally
(5) BAX oligomerizes by binding to additional, active BAX molecules, inducing MOMP.

Mitochondrial outer membrane

BAD

Active BAX
or BAK BAX oligomerization 

and MOMP
e.g., BCL-xL

Figure 15.Neutralization model for BH3-only function. BH3-only proteins such as BAD bind to anti-apoptotic
BCL-2 proteins (e.g., BCL-xL) to prevent or disrupt the binding of the latter to active BAX or BAK, and MOMP
ensues.
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Although the distinctions between these
models are important, the two really are rather
similar. BH3-only proteins either displace direct
activators of BAX and BAK from anti-apoptotic
BCL-2 proteins (model 2) or they displace active
BAX or BAK from such proteins (model 1).
Unified models of the action of the BH3-only
proteins and the inhibition of apoptosis by the
anti-apoptotic proteins combine the neutraliza-
tion and direct activator/derepressor models by
suggesting that both happen. Interestingly, the
two modes of action of the anti-apoptotic pro-
teins have different consequences for the cell.
When anti-apoptotic BCL-2 proteins act pre-
dominantly to sequester the direct activator
BH3-only proteins (MODE 1), the cells are
then poised to rapidly undergo MOMP and ap-

optosis when this interaction is disrupted (e.g.,
by other BH3-only proteins). However, when
the anti-apoptotic proteins act to sequester the
active forms of the effectors, BAX and BAK
(MODE 2), the cells appear to be more resistant
to derepression (Fig. 17). It is possible that the
complexes that form inMODE 2 aremore stable
than those in MODE 1, perhaps owing to addi-
tional interactions between the anti-apoptotic
proteins and the effectors.

BOK IS REGULATED INDEPENDENTLY
OF OTHER BCL-2 PROTEINS

Unlike BAX and BAK, BOK appears to be con-
stitutively active, and its activity is not affected
by the presence or absence of BH3-only pro-

Mitochondrial outer membrane

BAD

BIM

BCL-xL
BAD displaces BIM,
BIM activates BAK BAX oligomerization 

and MOMP

Figure 16. Direct activator/derepressor model of BH3-only function. Derepressor BH3-only proteins, such as
BAD, bind to anti-apoptotic BCL-2 proteins, preventing or disrupting the binding of the latter to direct activators
of BAX and BAK (such as BIM). BAX and BAK are then activated, and MOMP ensues.

Anti-apoptotic
BCL-2 protein

Direct activator
BH3-only protein

Derepressor
BH3-only protein

Derepressor
BH3-only protein

Active BAX
and BAK

Anti-apoptotic
BCL-2 protein

MOMP and
apoptosis

MODE 1 MODE 2

Figure 17. Two modes of action of anti-apoptotic BCL-2 proteins. Anti-apoptotic BCL-2 proteins can prevent
apoptosis either by binding to BH3-only direct activator proteins (MODE 1) or by binding to active BAX or BAK
(MODE 2). Additional BH3-only protein interactions can neutralize the function of the anti-apoptotic BCL-2
protein, allowing apoptosis to proceed. MODE 1 is more readily derepressed than MODE 2 (i.e., MODE 2 is
functionally more stable).
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teins. Also, unlike BAX or BAK, it is not inhib-
ited by BCL-2 or BCL-xL and binds to MCL-1
only very weakly. Instead, BOK seems to be con-
trolled at the level of protein stability. When it is
expressed, BOK mostly localizes to the ER,
where components of a disposal system, called
the endoplasmic reticulum–associated degrada-
tion (ERAD) apparatus targets BOK for degra-
dation by the proteasome. If ERAD or the
proteasome machinery becomes compromised,
BOK accumulates and moves to the mito-
chondria, where it effects MOMP and apoptosis
(Fig. 18).

This helps to explain an apparent paradox.
Cells that express high levels of anti-apoptotic
proteins, such as some cancers, can nevertheless
undergo apoptosis upon treatment with inhibi-
tors of the proteasome. Because BOK functions
independently of the anti-apoptotic proteins, it
can promote MOMP and apoptosis under con-
ditions in which it is stabilized.

We do not know the physiological con-
ditions under which BOK promotes apoptosis,3

but, as seen in Green (2022b), BOK functions in
development to remove unwanted cells.

BH3-ONLY PROTEINS ACT AS “STRESS
SENSORS”

We have seen that BH3-only proteins can pro-
mote apoptosis in two ways: by directly activat-
ing the pro-apoptotic effectors BAX and BAK
and by inhibiting the anti-apoptotic BCL-2 pro-
teins. But when do they do this? The different
BH3-only proteins have varied tissue distribu-
tions, are expressed under different conditions,
and are regulated in different ways. They are
targets of signal transduction pathways, and
therefore we can think of them as “sensors”
that connect the environment to the mitochon-
drial pathway of apoptosis.

The following are a few examples of BH3-
only proteins functioning as sensors. In other
reviews in this subject collection, we return to
specific BH3-only proteins in the context of dif-
ferent physiological or pathological situations.

BID IS A PROTEASE SENSOR

Unlike the other BH3-only proteins that have
been examined, BID is structured, and it looks

BOK oligomerization 
and MOMP

BOK degraded by
the proteasome

Mitochondrial outer membrane

Endoplasmic reticulum membrane

No effect of
BH3-only proteins
or anti-apoptotic
BCL-2 proteins

If ERAD or proteasome
defective BOK stabilizes
and moves to mitochontrial
outer membrane

ERAD

BOK

Figure 18. Regulation of BOK. BOK is not regulated by other BCL-2 proteins, but is controlled by endoplasmic
reticulum–associated degradation (ERAD), which induces degradation of BOK. Disruption of ERAD or the
degradation machinery allows BOK to accumulate and oligomerize on the outer mitochondrial membrane to
cause mitochondrial outer membrane permeabilization (MOMP).

3It is likely that the regulation of BOK is more complex than
indicated here. Some cells in the body (as well as some tumor
cells) express stable BOK protein, yet do not spontaneously
die. How this can occur is currently unknown.
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similar to anti-apoptotic BCL-2 proteins and
pro-apoptotic effectors (Fig. 19). The BH3 do-
main of BID in its native state is unavailable for
interaction with other BCL-2 family proteins.

BID has a large flexible loop that can be
cleaved by a variety of proteases, including lyso-
somal proteases (cathepsins), the calcium-acti-
vated protease calpain, granzyme B, and cas-
pases (Fig. 20). If BID is cut in this linker, the
protein can now insert into mitochondrial
membranes, and the BH3 domain presumably
becomes exposed. BID can now interact with

anti-apoptotic BCL-2 proteins that sequester it,
or it can function to activate BAX and BAK, as
we have seen. Therefore, if activating proteases
appear in the cytoplasm of a cell, BID cleavage
can engage the mitochondrial pathway of apo-
ptosis.

BIM AND BAD ARE SENSORS FORGROWTH
FACTOR SIGNALING

When cells are deprived of growth factors,
they often undergo apoptosis. In many cases,
growth factor receptor signaling activates the ser-
ine/threonine-protein kinase AKT that phos-
phorylates (among other things) the transcrip-
tion factor FOXO3a. The phosphorylated
FOXO3a is sequestered in the cytosol by one of
the 14-3-3 proteins that regulate the availability of
signaling proteins in the cell, preventing FOXO3a
from going to the cell nucleus. When growth
factor signaling is disrupted, such as when
growth factors become limiting, FOXO3a is re-
leased, transits into the nucleus, and triggers the
transcription of the gene encoding BIM (Fig. 21).
Lymphocytes from mice that lack BIM resist ap-
optosis caused by growth factor deprivation.

This is not the only way in which BIM is
regulated: The mitogen-activated protein kinase
(MAP kinase) ERK is activated by a variety of
signaling mechanisms (including growth factor
receptor signaling), and this protein phosphory-
lates BIM, which targets it for degradation, there-
by promoting cell survival in some settings. An-
other MAP kinase, called c-Jun amino-terminal
kinase (JNK), has the opposite effect—when JNK
phosphorylates BIM, this prevents BIM degrada-
tion, and therefore JNK can promote apoptosis
by BIM. The interplay of theMAP kinases, there-
fore, can dictate how extracellular signals cause
apoptosis through regulating BIM.

The BH3-only protein BAD is directly phos-
phorylated by AKT, and the phospho- BAD is
then sequestered by 14-3-3 proteins (as we saw
for the transcription factor FOXO3a). Following
growth factor withdrawal, BAD is released and
can now neutralize BCL-2 and BCL-xL, releas-
ing active BIM (Fig. 22).

BIM and BAD are not the only sensors of
growth factor deprivation or related forms of cell

Figure 19. Structure of BID, a structured BH3-only
protein with one of the most divergent BCL-2 cores.
The BH3 region (red) is next to a protease-susceptible
loop, the digestion of which is required for activation.
(PDB 2BID [Chou et al. 1999].)

Protease cuts
inactive BID

Cleaved BID binds to 
mitochondrial membrane

Active BID

BH3 exposed

Figure 20. The pathway for cleavage and activation of
BID.
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Figure 21.Growth factor signaling controls BIM expression through the sequestration of FOX3a, a transcription
factor required for transcriptional activation of the promoter for the gene encoding BIM.
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Figure 22. Growth factor signaling controls BAD function through the sequestration of BAD.
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stress. As we will see, there are other mecha-
nisms whereby anti-apoptotic proteins, MCL-1
in particular, are regulated under growth factor
deprivation, and these too contribute to the de-
cision to die.

BIM AND BMF MEDIATE ANOIKIS

Severe disruption of the cytoskeleton induces
apoptosis in many cells, and BH3-only proteins
are involved in sensing such disturbance. This
can happen when adherent cells lose their at-
tachment to a surface or to basement mem-
branes. The resulting apoptosis is called anoikis
(“homelessness”) (Fig. 23).

Dynein motor complexes move along the cy-
toskeleton in cells. Two BH3-only proteins, BIM
and BMF, associate with specific motor complex-
es, binding to different dynein light chains. BIM
appears to associate with cytoskeletal microtu-
bules through this interaction, whereas BMF as-
sociates with another component of the cytoskel-
eton, the actinmicrofilaments. During anoikis, or
in response to pharmacologic agents that disrupt
the cytoskeleton, BIM and BMF are released to
promote MOMP and apoptosis.

The control of BIM and BMF by the cyto-
skeleton is not universal, and in some cells, these

BH3-only proteins are not associated in this
way. Furthermore, it is not established that the
cytoskeletal control of BIM and BMF is the only
way in which anoikis occurs.4 Nevertheless, the
interactions with dynein light chains illustrate
one way in which BH3-only proteins act as po-
tential sensors.

The above are only a few ways in which
BH3-only proteins sense apoptotic signals and
transduce them to the mitochondrial pathway.
Additional examples are discussed in Green
2022a,b).

ANTI-APOPTOTIC BCL-2 PROTEINS
ARE ALSO CONTROLLED BY
SIGNALING

The anti-apoptotic protein MCL-1 is rapidly
turned over in cells, and its levels appear to be
actively regulated by phosphorylation, ubiquity-

Apoptosis
(anoikis)

Cell detaches from 
basement membrane

Epithelium

Figure 23. The pathway of anoikis allowing detached cells to be eliminated.

4There is at least one other possibility. When adherent cells
lose contact with their substrate, they often stick together
(this also applies to daughters of a dividing adherent cell
lacking substrate attachment). As a consequence, one cell
often engulfs the other, a process called “entosis.” The en-
gulfed cell dies. This could be why many adherent cells in
vitro do not grow in semisolid medium; whenever they di-
vide, one cell is killed by entosis. Entosis is considered in
more detail in Green (2022c).

D.R. Green
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lation, and degradation. One kinase that phos-
phorylates MCL-1 to target it for degradation is
glycogen synthase kinase 3 (GSK3), which itself
is inhibited by AKT. Therefore, when AKT ac-
tivity is reduced on growth factor withdrawal,
MCL-1 levels decline as a consequence of
GSK3 function. This is illustrated in Figure 24.
There are other kinases that similarly impact the
stability of MCL-1 as well.

Once MCL-1 is phosphorylated, it interacts
with FBW7, an E3-ubiquitin ligase that places
the small protein ubiquitin onto proteins, di-
recting them to be degraded by the proteasome.
Many cancers lose FBW7, and as a result, these
cancers resist apoptosis by increasing MCL-1
levels. Conversely, inhibitors of mTOR, a kinase
that acts in complexes to promote cell growth,
can sensitize cells for apoptosis by derepressing
the activity of GSK3, leading to increased
MCL-1 degradation.

Other proteins are involved in control of the
stability ofMCL-1.MULE (also calledHUWE1)
is another of the E3-ubiquitin ligases that ubiq-

uitylate MCL-1, targeting it for degradation. In-
triguingly, MULE has a BH3 domain that binds
to MCL-1, and this might interfere with its en-
zymatic activity. When it is displaced from
MCL-1 by a BH3-only protein such as NOXA,
MULE can then cause the degradation of
MCL-1 by ubiquitylating it.

BCL-2 and BCL-xL are also phosphorylated,
but in this case the role for phosphorylation is
less clear. Phosphorylation of BCL-2 on one
particular serine (serine 70) has been reported
to increase its activity, but phosphorylation at
other sites effectively inhibits it. These phos-
phorylation events occur in the unstructured
region of the BCL-2 proteins between BH4
and BH3 (Figs. 1 and 3). This affects the inter-
action of the disordered region with the core of
the protein, influencing the affinity of the BH
groove for the BH3 regions of pro-apoptotic
BCL-2 proteins.

Another interesting modification of BCL-
xL has been described, involving conversion of
two asparagine residues into aspartate or iso-

Growth factor

Growth factor
deprivation

AKT

P

P

GSK3
(inactive)

MCL-1
prevents
MOMP

GSK3 (active)
phosphorylates
MCL-1

Proteasome

Degradation 
of MCL-1
sensitizes 
for MOMP

Figure 24. Growth factor receptor signaling regulates the stability of MCL-1, either preventing or enhancing
mitochondrial outer membrane permeabilization (MOMP), according to the presence (left) or absence (right) of
growth factors.
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aspartate in the loop between the BH4 and
BH1 regions. This reduces the affinity of the
protein for BH3-only proteins, and might rep-
resent another mode of regulation. This pro-
cess, called deamidation, is nonenzymatic, and
is affected by intracellular pH, dependent on
the sodium-proton antiporter NHE-1. Some
cancers have defects in BCL-xL deamidation,
making them resistant to DNA-damage-in-
duced apoptosis. Again, this process occurs
in the unstructured region of BCL-xL, between
BH4 and BH3, affecting its interaction with the
core of the protein and the function of the BH
groove.

The anti-apoptotic BCL-2 proteins are reg-
ulated at the transcriptional level as well, and
this might be the major way in which BCL-2
and BCL-xL are controlled. Several transcrip-
tion factors induce expression of these proteins
in different cell types, including nuclear factor-
κB (NF-κB), which can produce anti-apoptotic
effects in some settings.

BCL-2 PROTEINS IN OTHER ANIMALS

BCL-2 proteins are found throughout the ani-
mal kingdom. The situation in nematodes is
particularly interesting. In Caenorhabditis ele-
gans, the APAF1 homolog CED4 is held inactive
on the mitochondrial outer membrane by
CED9. It turns out that CED9 is a homolog of
BCL-2 (Fig. 25).

Despite this similarity, mammalian BCL-2
proteins do not sequester APAF1 or affect its
activity. Therefore, although BCL-2 and CED9
have similar overt functions (inhibition of apo-
ptosis), they perform these functions through
different biochemical mechanisms.

CED9 has a BH groove like that of the mam-
malian anti-apoptotic BCL-2 proteins, but this
is not involved in binding to CED4. However,
another protein, EGL1, binds to this groove and
leads to a conformational change in CED9 that
causes the release of CED4, promoting apopto-
sis. This is shown in Figure 26.

EGL1 is a BH3-only protein that is expressed
in response to transcription factors that are ac-
tivated developmentally or in response to DNA
damage in germ cells in the adult (considered in

more detail in Green 2022b). We can now com-
plete the core signaling pathway for apoptosis in
nematodes, as shown in Figure 27.

As we know, the conformational changes
that mammalian BCL-2 proteins undergo dur-
ing apoptosis require the presence of the outer
mitochondrial membrane, and this leads to an
intriguing speculation: perhaps the confor-
mational change that is induced by EGL1 in
CED9 to release CED4 is facilitated by the mi-
tochondrial membrane itself. This would help to
explain the location of CED9 on mitochondria,
despite the absence of MOMP upstream of the
activation of the APAF1 homolog CED4 in this
animal.

In Drosophila, two BCL-2 proteins have
been identified on the basis of sequence similar-
ity to mammalian BCL-2 proteins. These are
DeBCL (pronounced “debacle”) and Buffy
(named for the famous vampire slayer), also
called DBorg1 and DBorg2, respectively. How-
ever, neither has been shown to have any role in
apoptosis inDrosophila, which is intriguing, and
their functions in flies are unknown. When we
consider other roles for the vertebrate BCL-2

Apoptosis-inducing
signals

Binding of EGL1 induces
a conformational change in
CED9, releasing CED4

EGL1 CED4

CED9

Figure 26. EGL1 functions to release CED4 from
CED9.

BH1
BH1

BH4 BH3
BH4 BH3

BH2
BH2

CED9  
BCL-2

Figure 25. CED9 is a BCL-2 protein. The BH1–BH4
domains of CED9 and BCL2 are shown for compar-
ison. Structural studies confirm that CED9 and BCL-
2 are similar.
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proteins later, it could be interesting to remem-
ber these.

Pro-apoptotic BCL-2 family effector pro-
teins resembling BAX and BAK are also found
among many invertebrate animal phyla, al-
though not in nematodes or arthropods. This
further supports the idea that the mitochondrial
pathway of apoptosis in animals might be an-
cestral, but lost in some lineages.

VIRAL BCL-2 PROTEINS

Because viruses have come upwith ways to block
apoptosis, it should not be surprising that many
viruses that infectmammalian cells express anti-
apoptotic proteins related to the BCL-2 proteins.
Examples can be found in several types of virus,
including adenoviruses, herpes viruses, and pox
viruses (Fig. 28). In each case, the anti-apoptotic

protein shares weak sequence similarity to BCL-
2, but regions can be identified that correspond
to the BH domains.

The structures of a few viral BCL-2 proteins
have been solved, and these very closely resem-
ble those of the cellular anti-apoptotic BCL-2
proteins (Fig. 29). In general, however, they
lack the regions where regulatory events tend
to occur in the cellular proteins, such as phos-
phorylation; perhaps this is not surprising.

Viruses also express proteins that function
like anti-apoptotic BCL-2 proteins (e.g., they
bind and neutralize active BAX and BAK) but
share no sequence or structural similarity
with cellular BCL-2. An example is the vMIA
protein from human cytomegalovirus. Such
proteins can teach us a lot, not only about viral
infection, but also how the cellular BCL-2 pro-
teins work.

EGL1
CED4

CED9

Apoptosis-inducing
signals

CED3

CED3
activated

Apoptosis

Figure 27. The action of participants in apoptotic signaling in nematodes.
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BHRF1 [EBV/HHV4]

KSBCL-2/ORF16 [KSHV/HHV8]

M11 [γ-HV68 of mice]
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Figure 28.Viral BCL-2 proteins. All are from human viruses except where indicated. Some of the BH regions are
based on structural considerations despite low amino acid homology. (Reprinted from Hardwick et al. 2009,
©2009 with permission from Elsevier.)
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BACTERIAL TOXINS AND THE RETURN
OF THE JUST-SO STORY

In Green (2022d), we discussed a just-so story—
a speculation that apoptosis might have arisen
with ancient endosymbiosis that resulted in mi-
tochondria. A piece of that story involves BCL-2
proteins.

The structures of BCL-2 proteins BCL-2,
BCL-xL, BCL-w, MCL-1, A1, BAX, BAK, BID,
and vBCL-2 are remarkably similar to one an-
other. Intriguingly, a similar structure is also
found in some bacterial toxins, including diph-
theria toxin β-chain and the colicins (Fig. 30).
Each of these proteins undergoes a conforma-
tional change to bring a hydrophobic core into a
membrane. The structural similarity might sim-
ply reflect this common function. But it is in-
triguing to think about this in the context of
our just-so story.

Bacterial toxins of this type are often encod-
ed in a discrete genetic element that actually
makes two components—the toxin that creates
holes in membranes and an immunity factor
that makes the bacterium that produces it resis-
tant to the toxin. When a bacterium harboring
this element is stressed (e.g., by low levels of
nutrients), it produces the toxin. This kills any
bacteria that do not have the immunity factor,
reducing competition for resources.

The original endosymbiosis, as we speculat-
ed, might have begun anything but cooperative-
ly, with the bacterium being a parasite in the

infected cell. In this scenario, the inner mem-
brane of what would become themitochondrion
is the bacterial membrane (indeed, the inner
membranes of modern mitochondria have lipid
compositions that more closely resemble bacte-

BH2

BH4
BH3

BH1

BCL-xL

BH2

BH4 BH3

BH1

vBCL-2

Figure 29. Structures of mammalian BCL-xL and Kaposi sarcoma virus vBCL-2 showing the arrangement of the
BH1–BH4 regions. (Left, PDB 1MAZ [Muchmore et al. 1996]; right, PDB 1K3K [Huang et al. 2002].)

BAX

Colicin Ia Cry4a

Diphtheria
toxin

Figure 30. Structures of several pore-forming regions
of bacterial toxins, compared with that of BAX. Sev-
eral α-helical pore-forming toxins have a globular
domain reminiscent of the BCL-2 core of BAX. The
structures are colored blue to red from the amino to
the carboxyl terminus, and the putative pore-forming
helices are identified by their side-chain sticks. (Top
left, PDB1MAZ [Muchmore et al.1996]; top right,
PDB 1F0L [Choe et al. 1992]; lower left, PDB 1CII
[Winer et al. 1997]; lower right, PDB 2C9K [Boon-
serm et al. 2006].)

D.R. Green

18 Cite this article as Cold Spring Harb Perspect Biol 2022;14:a041046



rial membranes than those of eukaryotes),
whereas the outer membrane would have been
derived from the infected cell (again, consistent
with the composition of modern outer mito-
chondrial membranes). If stressed, the bacte-
rium might synthesize a toxin that would target
the next-nearest membrane—themitochondrial
outer membrane. So, was this the original pro-
apoptotic effector?

With time, genetic control of the toxin
might have transferred to the nucleus (as did
nearly all of the original genes encoding mito-
chondrial elements, except for those encoding
parts of the electron transport chain, ribosomal
RNAs, and the tRNAs). Control of the integrity
of what became the mitochondrial outer mem-
brane now resided in nuclear genes. And the
toxin, perhaps, became the BCL-2 family.

Finally, note that the mitochondrial inner
membrane is not permeabilized by active BAX
or BAK (we know this, because matrix proteins
are not released with the proteins from the in-
termembrane space).Why not? Is there a distant
descendant of the bacterial immunity factor that
protects this membrane?

BCL-2-FAMILY PROTEINS HAVE OTHER
ROLES IN CELLS

From the perspective of apoptosis, the major
role of BCL-2 proteins is to control the integrity
of the outermitochondrial membrane. But these
proteins appear to have additional functions in
cells, and how these relate to their apoptotic
effects and other aspects of cell physiology is
emerging as an important area of research. If
cell death is the work of the “night crew.” then
what are the “day jobs” of the BCL-2 proteins?

Given their limited sequence homologies,
BH3-only proteins might have numerous func-
tions beyond apoptosis. In at least one case, a
day job for a BH3-only protein has been identi-
fied. That protein is BAD. In addition to neu-
tralizing some anti-apoptotic BCL-2 proteins,
BADhas a role in regulating glucosemetabolism
in mammals.

We consider here three other day jobs for
BCL-2 proteins: control of calcium homeostasis,
regulation of mitochondrial dynamics (fission

and fusion), and removal of mitochondria dur-
ing development of some cells. As we will see,
these might all have connections to the control
of cell death as well as other effects in cells, and
of course, there are probably other non-apopto-
tic roles yet to be identified.

BCL-2 PROTEINS ACT AT THE ER
TO REGULATE CALCIUM

Inositol (1,4,5)-trisphosphate (IP3) is a phos-
pholipid-derived molecule produced in some
signaling pathways. IP3 binds to a receptor on
the ER (the IP3 receptor), causing an efflux of
calcium that regulates many different enzymes
in the cytosol.

BCL-2 proteins influence the function of the
IP3 receptor. Cells that lack BAX and BAK or
overexpress BCL-2 show defective calcium
efflux in response to IP3. For example, T lym-
phocytes lacking BAX and BAK do not elevate
calcium in response to T-cell receptor engage-
ment (which induces IP3 production) and are
defective for T-cell activation.

How BCL-2 proteins control the IP3 recep-
tor is not entirely clear. BCL-2 binds to the IP3
receptor, but beyond this, the mechanism is ob-
scure. Intriguingly, some BH3- only proteins
can induce an increase in intracellular calcium,
and it might be that this is through interaction
with BCL-2 or another BCL-2 protein. However,
we do not know how this contributes to apopto-
sis or other cellular effects.

MITOCHONDRIAL DYNAMICS ARE
INFLUENCED BY BCL-2 PROTEINS

One of the most intriguing day jobs for BCL-2
proteins is in mitochondrial dynamics. Mito-
chondria do not simply sit around in cells as
discrete organelles; instead, they are constantly
undergoing active fission and fusion by complex
mechanisms that are conserved among the eu-
karyotes.

The first clue to this function is what hap-
pens during MOMP. At about the same time as
the mitochondrial outer membrane becomes
permeable and proteins from the intermem-
brane space are released, mitochondria often
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appear to undergo extensive fragmentation. At
first, it was thought that this fission might con-
tribute directly to MOMP, but that does not
seem to be the case because MOMP can occur
in isolated mitochondria without fission.

A second clue is that, in the absence of BAX
and BAK, mitochondria are extensively frag-
mented, and this turns out not to be due to
excess fission but rather to a decrease in mito-
chondrial fusion. In contrast, increasing the
expression of anti-apoptotic BCL-xL increases
mitochondrial fusion. Therefore, in two differ-
ent situations in which MOMP is prevented
(increased BCL-xL and decreased BAX and
BAK), mitochondria display either more or
less fusion. How can these observations and
those of mitochondrial fission upon MOMP
be reconciled?

Here is one way. If BAX and BAK promote
mitochondrial fusion independently of their
role inMOMP, when they become engaged dur-
ing apoptosis (effectively leaving their day jobs
to join the night crew), fusion decreases. Because
BCL-xL prevents this (e.g., by sequestering acti-
vators of BAX and BAK, letting them remain
doing their day jobs), fusion is enhanced.

How all this might occur is not known, but
BAX and BAK can associate with a protein
called mitofusin-2 that participates in mito-
chondrial fusion. Remarkably, the C. elegans
protein CED9 can also associate with mitofu-
sin-2 in mammalian cells and similarly enhanc-
es mitochondrial fusion. CED9 cannot block
MOMP in mammalian cells but stimulates mi-
tochondrial fusion under these artificial condi-
tions.

When apoptosis occurs in C. elegans, mito-
chondrial fragmentation is observed, even
though there is no MOMP (as we know,
MOMP is not upstream in the apoptotic path-
way in these animals). EGL1, which disengages
CED9 fromCED4 (Fig. 22), might therefore also
take CED9 away from its day job, that of pro-
moting mitochondrial fusion.

Mitochondrial fragmentation is also ob-
served inDrosophila cells undergoing apoptosis.
Here, not only is MOMP not upstream in the
apoptotic pathway, but the BCL-2 proteins
DeBcl and Buffy do not seem to have a role in

cell death. Whether they participate in the mi-
tochondrial fragmentation is not known.

Do these changes in mitochondrial dynam-
ics have anything to do with apoptosis? Some
studies have indicated that a protein involved in
mitochondrial fission, DRP-1, might help to
promote MOMP, and cells in which this pro-
tein is blocked can become refractory to
MOMP and apoptosis. However, this seems to
be the case even whenmitochondrial fission and
fusion cannot occur, and so the role of this pro-
tein in MOMP remains somewhat obscure.
However, as we saw above, the carboxyl termi-
nus of BAX must insert into the outer mito-
chondrial membrane for subsequent activation
and MOMP (e.g., Fig. 14). This turns out to
depend on the curvature of the mitochondrial
membrane, and this, in turn, is affected by
mitochondrial dynamics. Smaller, fragmented
mitochondria are more curved, and this facili-
tates the insertion of the BAX carboxy-terminal
α9-helix. By promoting mitochondrial frag-
mentation, active BAX (and BAK) facilitate
the insertion and activation of more BAX
molecules.

Therefore, the interplay between mitochon-
drial dynamics and the function of the BCL-2
proteins might go both ways. Other conditions
that favor mitochondrial fusion or fission (such
as the availability of oxygen or nutrients and the
engagement of metabolic pathways) can there-
fore influence apoptosis.

BCL-2 PROTEINS CAN PARTICIPATE
IN THE REMOVALOF MITOCHONDRIA

Yet another function of the BCL-2 proteins also
relates to mitochondria, but in this case it is the
way in which excess or damaged mitochondria
are removed. This occurs by autophagy, the
“self-eating” process that allows cells to survive
nutrient deprivation and remove damaged or
unwanted organelles. We have much more to
say about autophagy in Green (2022e). Autoph-
agy of the mitochondria (mitophagy) involves
the creation of a membrane vesicle around the
organelle and fusion of the vesicle with a lyso-
some results in the digestion of the contents of
the vesicle.

D.R. Green
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In at least some cases, the signals that bring
the autophagy machinery to the mitochondria
aremembers of the BCL-2 family—in particular,
two closely related BH3-only proteins, BNIP3
and NIX. Neither BNIP3 nor NIX seems to
have a significant role in apoptosis; instead,
they appear to function in mitophagy. In mice
lacking NIX, mature red blood cells, which nor-
mally lack mitochondria because these have
been removed by mitophagy, are found to har-
bor these organelles (Fig. 31). Another mecha-
nism that promotes mitophagy is discussed in
Green (2022e).

Other studies have suggested that, during
hypoxia (reduced oxygen levels, a situation in
which having fewer mitochondria is desirable),

a transcription factor called HIF-1 is activated
that causes expression of BNIP3. The latter then
appears to promote the autophagic removal of
mitochondria.

How these BH3-only proteins cause mi-
tophagy is not completely clear, but the process
might involve binding to BCL-2 and displacing a
protein that is bound to it, Beclin-1. Beclin-1 is
part of the machinery that initiates autophagy,
and its release from BCL-2 on mitochondria
might attract components of the autophagy
pathway to these organelles (Fig. 32). It is par-
ticularly noteworthy that Beclin-1 contains a
BH3 region and binds to the BH groove in
BCL-xL (Fig. 33).

Figure 31.Mitochondria in NIX-deficient red blood cells. In developing wild-type red blood cells, mitochondria
are removed bymitophagy (left), and these organelles are not present in themature cells. InNIX-deficientmature
red cells, mitochondria persist, many showing signs of damage (right). (Image courtesy of Paul A. Ney, MD,
St. Jude Children’s Research Hospital, Memphis, Tennessee.)

Mitochondrial outer membrane         

Beclin-1 initiates the 
autophagy pathway
to remove mitochondria

BNIP3

HIF-1 BNIP3 disrupts the
BCL-2 :Beclin-1 complex

The transcription factor HIF-1 is stabilized
by hypoxia and induces expression of BNIP3

BCL-2

Figure 32. Hypoxia leads to stabilization of hypoxia-
induced factor HIF and removal of mitochondria by
autophagy.

Figure 33. Beclin-1 BH3 region bound to BCL-xL.
The BH regions of BCL-xL are colored as in Figure
4, and the BH3 peptide is pale blue. (PDB2P1L [Ober-
stein et al. 2007].)
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We return to the role of beclin-1 and BCL-2
in autophagy in Green (2022e). For now, it is
sufficient to realize that the day jobs of BCL-2
proteins can involve the type of interactions in-
volved in apoptosis (as in this example) or other
activities and interactions.

REFERENCES
�Reference is also in this collection.

� Green DR. 2022a. Cell death and cancer. Cold Spring Harb
Perspect Biol doi:10.1101/cshperspect.a041103

� Green DR. 2022b. Cell death in development. Cold
Spring Harb Perspect Biol doi:10.1101/cshperspect
.a041095

� Green DR. 2022c. The burial: clearance and consequences.
Cold Spring Harb Perspect Biol doi:10.1101/cshperspect
.a041087

� Green DR. 2022d. The mitochondrial pathway of apoptosis,
Part 1: MOMP and beyond. Cold Spring Harb Perspect
Biol doi:10.1101/cshperspect.a041038

� Green DR. 2021e. Nonapoptotic cell death pathways. Cold
Spring Harb Perspect Biol doi:10.1101/cshperspect
.a041079

ADDITIONAL READING

BCL-2 Proteins and MOMP

Birkinshaw RW, Czabotar PE. 2017. The BCL-2 family of
proteins and mitochondrial outer membrane permeabi-
lisation. Semin Cell Dev Biol 72: 152–162.

Kalkavan H, Green DR. 2018. MOMP, cell suicide as a BCL-
2 family business. Cell Death Differ 25: 46–55.

Kale J, Osterlund EJ, Andrews DW. 2018. BCL-2 family
proteins: changing partners in the dance towards death.
Cell Death Differ 25: 65–80.

Suhaili SH, Karimian H, Stellato M, Lee TH, Aguilar MI.
2017. Mitochondrial outer membrane permeabilization:
a focus on the role of mitochondrial membrane structural
organization. Biophys Rev 9: 443–457.

Anti-Apoptotic BCL-2 Proteins

Vaux DL, Cory S, Adams JM. 1988. Bcl-2 gene promotes
haemopoietic cell survival and cooperates with c-myc to
immortalize pre-B cells. Nature 335: 440–442.

The first paper to show that BCL-2 preserves cell survival in
primary and transformed cells.

Hockenbery D, Nunez G, Milliman C, Schreiber RD, Kors-
meyer SJ. 1990. Bcl-2 is an inner mitochondrial mem-
brane protein that blocks programmed cell death. Nature
348: 334–336.

The first paper to show that BCL-2 is associated with mito-
chondria (the original assertion that it is on the inner

membrane was due to an artifact) and that BCL-2 inhibits
apoptosis.

Kluck RM, Bossy-Wetzel E, GreenDR,NewmeyerDD. 1997.
The release of cytochrome c frommitochondria: a prima-
ry site for Bcl-2 regulation of apoptosis. Science 275:
1132–1136.

One of two papers (see below) identifying the role of BCL-
2 in blocking the release of cytochrome c from mitochon-
dria.

Yang J, Liu X, Bhalla K, Kim CN, Ibrado AM, Cai J, Peng TI,
Jones DP, Wang X. 1997. Prevention of apoptosis by Bcl-
2: release of cytochrome c from mitochondria blocked.
Science 275: 1129–1132.

See above.

Vaux DL, Weissman IL, Kim SK. 1992. Prevention of pro-
grammed cell death in Caenorhabditis elegans by human
bcl-2. Science 258: 1955–1957.

One of three papers that showed that CED9 and BCL-2 are
functionally equivalent in nematodes. Although BCL-2
does not bind to CED4, it can sequester EGL1, which
was not shown until later.

Hengartner MO, Horvitz HR. 1994. C. elegans cell survival
gene ced-9 encodes a functional homolog of the mamma-
lian proto-oncogene bcl-2. Cell 76: 665–676.

See above.

Jabbour AM, Puryer MA, Yu JY, Lithgow T, Riffkin CD,
Ashley DM, Vaux DL, Ekert PG, Hawkins CJ. 2006. Hu-
man Bcl-2 cannot directly inhibit the Caenorhabditis el-
egans Apaf-1 homologue CED-4, but can interact with
EGL-1. J Cell Sci 119: 2572–2582.

See above.

Pro-Apoptotic BCL-2 Effectors

Oltvai ZN, Milliman CL, Korsmeyer SJ. 1993. Bcl-2 hetero-
dimerizes in vivo with a conserved homolog, Bax, that
accelerates programmed cell death. Cell 74: 609–619.

The discovery of BAX.

Chittenden T, Harrington EA, O’Connor R, Flemington C,
Lutz RJ, Evan GI, Guild BC. 1995. Induction of apoptosis
by the Bcl-2 homologue Bak. Nature 374: 733–736.

The discovery of BAK.

WeiMC, ZongWX, Cheng EH, Lindsten T, Panoutsakopou-
lou V, Ross AJ, Roth KA, MacGregor GR, Thompson CB,
Korsmeyer SJ. 2001. Proapoptotic BAX and BAK: a req-
uisite gateway to mitochondrial dysfunction and death.
Science 292: 727–730.

This paper showed that BAX and BAK are necessary for
MOMP and apoptosis via the mitochondrial pathway.

Llambi F, Victor B, Wang Y, Yang M, Schneider DM, Ging-
ras S, Zheng J, Parsons MJ, Brown SA, Pelletier S, et al.
2016. BOK is a non-canonical BCL-2 family effector of
apoptosis regulated by ER-associated degradation. Cell
165: 421–433.

This paper shows that Bok can also promote MOMP in a
manner that can be independent of other Bcl-2 family
proteins.

D.R. Green

22 Cite this article as Cold Spring Harb Perspect Biol 2022;14:a041046



BH3-Only Proteins

Giam M, Huang DC, Bouillet P. 2008. BH3-only proteins
and their roles in programmed cell death. Oncogene
(Suppl 1) 27: S128–S136.

Stoka V, Turk B, Schendel SL, Kim TH, Cirman T, Snipas SJ,
Ellerby LM, Bredesen D, Freeze H, Abrahamson M, et al.
2001. Lysosomal protease pathways to apoptosis. Cleav-
age of bid, not pro-caspases, is the most likely route. J Biol
Chem 276: 3149–3157.

BID as a protease sensor for engaging themitochondrial path-
way of apoptosis.

Datta SR, Ranger AM, Lin MZ, Sturgill JF, Ma YC, Cowan
CW, Dikkes P, Korsmeyer SJ, Greenberg ME. 2002. Sur-
vival factor–mediated BAD phosphorylation raises the
mitochondrial threshold for apoptosis. Dev Cell 3: 631–
643.

The regulation of BAD by survival factor signaling.
Bouillet P, Metcalf D, Huang DC, Tarlinton DM, Kay TW,

Kontgen F, Adams JM, Strasser A. 1999. Proapoptotic
Bcl-2 relative Bim required for certain apoptotic respons-
es, leukocyte homeostasis, and to preclude autoimmunity.
Science 286: 1735–1738.

The BIM knockout mouse illustrates roles for this protein in
apoptosis.

Puthalakath H, Huang DC, O’Reilly LA, King SM, Strasser
A. 1999. The proapoptotic activity of the Bcl-2 family
member Bim is regulated by interaction with the dynein
motor complex. Mol Cell 3: 287–296.

The association of BIM with the cytoskeleton.
Conradt B, Horvitz HR. 1998. The C. elegans protein EGL-1

is required for programmed cell death and interacts with
the Bcl-2-like protein CED-9. Cell 93: 519–529.

EGL1 is a BH3-only protein in nematodes.

BCL-2 Protein Interactions

Letai A, Bassik MC, Walensky LD, Sorcinelli MD, Weiler S,
Korsmeyer SJ. 2002. Distinct BH3 domains either sensi-
tize or activate mitochondrial apoptosis, serving as pro-
totype cancer therapeutics. Cancer Cell 2: 183–192.

The proposal of the “direct activator/derepressor” (called “sen-
sitizer”) model of BH3-only protein function.

Chen L, Willis SN, Wei A, Smith BJ, Fletcher JI, Hinds MG,
Colman PM, Day CL, Adams JM, Huang DC. 2005. Dif-
ferential targeting of prosurvival Bcl-2 proteins by their
BH3-only ligands allows complementary apoptotic func-
tion. Mol Cell 17: 393–403.

The “neutralization”model of BH3-only protein function and
specificities of BH3-only proteins for different anti-apopto-
tic proteins.

Willis SN, Chen L, Dewson G, Wei A, Naik E, Fletcher
JI, Adams JM, Huang DC. 2005. Proapoptotic Bak is se-
questered by Mcl-1 and Bcl-xL, but not Bcl-2, until dis-
placed by BH3-only proteins. Genes Dev 19: 1294–1305.

The “neutralization” model of BH3-only protein function.
Kuwana T, Mackey MR, Perkins G, Ellisman MH, Latterich

M, Schneiter R, GreenDR,NewmeyerDD. 2002. Bid, Bax,
and lipids cooperate to form supramolecular openings in
the outer mitochondrial membrane. Cell 111: 331–342.

Biochemical characterization of BAX activation and mem-
brane permeabilization.

Kim H, Tu HC, Ren D, Takeuchi O, Jeffers JR, Zambetti GP,
Hsieh JJ, ChengEH. 2009. Stepwise activation of BAX and
BAK by tBID, BIM, and PUMA initiates mitochondrial
apoptosis. Mol Cell 36: 487–499.

Further analysis of the “direct activator/derepressor”model of
BH3-only protein function.

Lovell JF, Billen LP, Bindner S, Shamas-Din A, Fradin C,
Leber B, Andrews DW. 2008. Membrane binding by
tBid initiates an ordered series of events culminating
in membrane permeabilization by Bax. Cell 135: 1074–
1084.

Use of FRET technology to characterize derepression and di-
rect activation of BAX.

Leber B, Lin J, Andrews DW. 2007. Embedded together: the
life and death consequences of interaction of the Bcl-2
family with membranes. Apoptosis 12: 897–911.

One of two approaches (with below) to unify the neutraliza-
tion and sensitizer/depression models of BH3-only protein
action.

Llambi F, Moldoveanu, T, Tait SW, Bouchier-Hayes L, Te-
mirov J, McCormick LL, Dillon CP, Green, DR. 2011. A
unifiedmodel of mammalian BCL-2 protein family inter-
actions at the mitochondria. Mol Cell 44: 517–531.

See above.
Gavathiotis E, Suzuki M, Davis ML, Pitter K, Bird GH, Katz

SG, Tu HC, Kim H, Cheng EH, Tjandra N, et al. 2008.
BAX activation is initiated at a novel interaction site. Na-
ture 455: 1076–1081.

Structural analysis of the binding of the BIM BH3 region to
BAX and early steps in BAX activation.

Czabotar PE, Westphal D, Dewson G, Ma S, Hockings C,
FairlieWD, Lee EF, Yao S, RobinAY, Smith BJ, et al. 2013.
Bax crystal structures reveal how BH3 domains activate
Bax and nucleate its oligomerization to induce apoptosis.
Cell 152: 519–531.

Insights into the activation of BAX to form oligomers.
Moldoveanu T, Grace CR, Llambi F, Nourse A, Fitzgerald P,

Gehring K, Kriwacki RW, Green DR. 2013. BID-induced
structural changes in BAK promote apoptosis. Nat Struct
Mol Biol 20: 589–597.

Insights into the activation of BAK.

Other Functions of the BCL-2 Family

KarbowskiM, Lee YJ, GaumeB, Jeong SY, Frank S, Nechush-
tan A, Santel A, Fuller M, Smith CL, Youle RJ. 2002.
Spatial and temporal association of Bax with mitochon-
drial fission sites, Drp1, andMfn2 during apoptosis. J Cell
Biol 159: 931–938.

Characterization of interactions between BAX and proteins
involved in mitochondrial fission and fusion.

Sheridan C, Delivani P, Cullen SP, Martin SJ. 2008.
Bax- or Bak-induced mitochondrial fission can be
uncoupled from cytochrome c release. Mol Cell 31:
570–585.

Evidence that mitochondrial fission occurs at the time of
MOMP but is not required for permeabilization.

Mitochondrial Pathway of Apoptosis, PART II

Cite this article as Cold Spring Harb Perspect Biol 2022;14:a041046 23



Rong Y, Distelhorst CW. 2008. Bcl-2 protein family mem-
bers: Versatile regulators of calcium signaling in cell sur-
vival and apoptosis. Annu Rev Physiol 70: 73–91.

ChenR, Valencia I, Zhong F,McColl KS, RoderickHL, Boot-
man MD, Berridge MJ, Conway SJ, Holmes AB, Mignery
GA, et al. 2004. Bcl-2 functionally interacts with inositol
1,4,5-trisphosphate receptors to regulate calcium release
from the ER in response to inositol 1,4,5-trisphosphate. J
Cell Biol 166: 193–203.

Characterization of the regulation of calcium homeostasis by
BCL-2.

Levine B, Sinha S, Kroemer G. 2008. Bcl-2 family members:
dual regulators of apoptosis and autophagy.Autophagy 4:
600–606.

Pattingre S, Tassa A, Qu X, Garuti R, Liang XH, Mizushima
N, Packer M, Schneider MD, Levine B. 2005. Bcl-2 anti-
apoptotic proteins inhibit Beclin 1–dependent autoph-
agy. Cell 122: 927–939.

A mechanism for the regulation of autophagy by BCL-2. Au-
tophagy is covered in more detail in Chapter 8.

Cuconati A, White E. 2002. Viral homologs of BCL-2: Role
of apoptosis in the regulation of virus infection.GenesDev
16: 2465–2478.

FIGURE CREDITS

Boonserm P, Mo M, Angsuthanasombat C, Lescar J. 2006.
Structure of the functional form of the mosquito larvicid-
al Cry4Aa toxin from Bacillus thuringensis at a 2.8-ang-
strom resolution. J Bacteriol 188: 3391–3401. doi:10
.1128/JB.111.9.3391-3401.2006

Choe S, Bennett M, Fujii G, Curmi PM, Kantardjieff KA,
Collier RJ, Eisenberg D. 1992. The crystal structure of
diphtheria toxin. Nature 357: 216–222. doi:10.1038/
357216a0

Chou JJ, LiH, SalvesenGS, Yuan J,WagnerG. 1999. Solution
structure of BID, an intracellular amplifier of apoptotic

signaling. Cell 96: 615–624. doi:10.1016/S0092-8674(00)
80572-3

Gavathiotis E, Suzuki M, Davis ML, Pitter K, Bird GH,
Katz SG, Tu HC, Kim H, Cheng EH, Tjandra N, et al.
2008. BAX inactivation is initiated at a novel interac-
tion site. Nature 455: 1076–1081. doi:10.138/na
ture07396

Hardwick JM, Youle RJ. 2009. SnapShot: BCL-2 proteins.
Cell 138: 404. doi:10.1016/j.cell.2009.07.003

Huang Q, Petros AM, Virgin HW, Fesik SW, Olejniczak ET.
2002. Solution structure of a Bcl-2 homolog from Kaposi
sarcoma virus. Proc Natl Acad Sci 99: 3428–3433. doi:10
.1073/pnas.062525799

Moldoveanu T, LiuQ, Tocilj A,WatsonM, Shore G, Gehring
K. 2006. The x-ray structure of a BAK homodimer reveals
an inhibitory zinc binding site. Mol Cell 24: 677–688.
doi:10.1016/j.molcell.2006.10.014

Muchmore SW, Sattler M, LiangH,Meadows RP, Harlan JE,
Yoon HS, Nettesheim D, Chang BS, Thompson CB,
Wong SL, et al. 1996. X-ray and NMR structure of human
Bcl-xL, an inhibitor of programmed cell death. Nature
381: 335–341. doi:10.1038/381335a0

Oberstein A, Jeffrey PD, Shi Y. 2007. Crystal structure of the
Bcl-XL-Beclin 1 peptide complex Beclin 1 is a novel BH3-
only protein. J Biol Chem 282: 13123–13132. doi:10.1074/
jbc.M700492200

Sattler M, Liang H, Nettesheim D, Meadows RP, Harlan JE,
EberstadtM, YoonHS, Shuker SB, Chang BS,Minn AJ, et
al. 1997. Structure of Bcl-xL-Bak peptide complex: recog-
nition between regulators of apoptosis. Science 275: 983–
986.

Suzuki M, Youle RJ, Tjandra N. 2000. Structure of Bax:
coregulation of dimer formation and intracellular locali-
zation. Cell 103: 645–654. doi:10.1016/S0092-8674(00)
00167-7

Wiener M, Freymann D, Ghosh P, Stroud RM.
1997. Crystal formation of colicin Ia. Nature 385: 461–
464.

D.R. Green

24 Cite this article as Cold Spring Harb Perspect Biol 2022;14:a041046



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


