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MITOCHONDRIA AND CELL DEATH

The major mode of apoptosis in vertebrates is
the mitochondrial pathway. This pathway of cell
death is engaged by a vast array of cell stresses,
including deprivation of growth factors, disrup-
tion of the cytoskeleton, DNA damage, accumu-
lation of unfolded proteins, hypoxia, and many
others. It is also activated by developmental sig-
nals, such as hormones, that instruct cells to die.
In this review, we discuss how mitochondria are
involved in the activation of caspases in this type
of cell death.

A JUST-SO STORY

Before examining the remarkable way in which
mitochondria effect apoptosis, it might be worth
considering how this organelle might have be-
come involved in cell death—after all, in nearly
all eukaryotes, mitochondria are essential for
life, providing not only energy via the tricarbox-
ylic acid cycle and oxidative phosphorylation,
but also many other essential services to the
cell. These include lipid metabolism and the
ability to live in the toxic world of oxygen.

Rudyard Kipling, in his Just So Stories, pro-
vided fanciful explanations of biological phe-
nomena, such as how the elephant got its trunk,
that were scientifically untestable. In evolution-
ary biology, too, we have similarly untestable
just-so stories, such as the one that follows.
But it may have value in helping to frame what
is to come, and we will return to this fantasy at
later stages in this and other reviews in this sub-
ject collection.

Approximately 2 billion years ago, an o-
proteobacterium invaded an archeon cell. The
subsequent endosymbiotic relationship produced
what we now know as a eukaryotic cell, and the
bacterium became the first mitochondrion." Al-
though this idea of a grand symbiosis is strongly
supported by data, the initial relationship might
well have started off far from cooperatively. After
all, the bacterium was infecting the archeon.

As we have noted, a very good strategy for
host defense against intracellular pathogens is for
the infected cell to die. This even seems to apply
to single-cell organisms that die altruistically to
avoid spreading infection to their identical clone
mates.” Of course, a pathogen that can prevent

'This is the endosymbiont hypothesis of mitochondrial evolution.

*There is a literature on active cell death (although not apoptosis) in bacteria and evidence that this is an effective response to infection by

phage.
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Figure 1. A just-so story about mitochondria and cell death. According to this tale, an early archaeal cell defends
itself by committing suicide when infected (upper pathway), but, when faced by a variant bacterium possessing by
chance the wherewithal to interfere with the archaeal cell’s defenses (lower pathway), the archaeal cell is subju-
gated by the invader. Over time, the invader repays the cell by developing into the cell’s mitochondrial power-
houses that still retain the ability to act as lynchpins of cell death regulation.

such proactive suicide gains the upper hand.
The initial infection that led to the formation of
the first mitochondrion might therefore have
triggered a suicide response in the invaded cell
(probably not apoptosis, but a precursor to this
form of cell death). In turn, this was checked by
the infecting bacterium (Fig. 1).

As the bacteria became mitochondria, deci-
sions regarding the life and death of the cell
might have resided under the control of this
evolving organelle. In time, the control moved
from mitochondria to the eukaryotic cell as a
whole. The mitochondria, however, remained
the focus for the effects.

HOW MITOCHONDRIA ACTIVATE
CASPASES

The mitochondrial pathway of apoptosis has
been described primarily in vertebrates, al-

though there is compelling evidence for its
existence in echinoderms (such as sea urchins
and sand dollars) and in the platyhelminthes
(flatworms). As we know, apoptotic pathways
involve mechanisms that activate an initiator
caspase, which in turn activates the executioner
caspases to orchestrate cell death. In the mito-
chondrial pathway, the initiator caspase is
caspase-9.

In Green (2022a), we discussed how activa-
tion of initiator caspases by dimerization of in-
active monomers requires an adapter protein to
bind to their prodomains. In the case of caspase-
9, the adapter that activates the caspase is APAF1
(apoptotic protease activating factor-1). APAF1
binds to caspase-9 by means of the APAFI cas-
pase-recruitment domain (CARD), which binds
to the CARD domain in caspase-9 (Fig. 2).

APAF1, like caspase-9, preexists in the cell as
a cytosolic, inactive monomer that cannot bind

2 Cite this article as Cold Spring Harb Perspect Biol 2022;14:a041038
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Figure 2. A CARD-CARD interaction. (PDB 3YGS [Qin et al. 1999].)

to or cause dimerization of the caspase. Several
events must occur to change this during the ini-
tiation of apoptosis. To understand these, it is
useful to look at the different domains of APAF1
(Fig. 3).

The CARD region of APAF1, which binds to
caspase-9 (via its own CARD), and the oligo-
merization domain are both buried in the inac-
tive APAF1 monomer. The NACHT® domain
contains a nucleotide-binding site that is inac-
cessible, because access to it is blocked by the

CARD

NACHT

Figure 3. Domains of APAF1. A CARD and NACHT
domain are followed by a series of WD repeats at the
carboxy-terminal end.

*NACHT is an acronym based on several proteins that con-
tain this domain: NAIP, CIITA, HET-E, and TP1. Although
these proteins do not concern us here, APAF1 contains this
domain. It is also referred to as a nucleotide-binding domain
(NBD).

WD domain.* If the WD domain is removed, the
nucleotide deoxy-ATP (dATP) can bind to the
nucleotide-binding site in the NACHT domain.
This triggers a conformational change, exposing
the oligomerization and CARD domains. Bind-
ing of cytochrome ¢ (see below) to the WD
domain has the same effect, changing the con-
formation of APAF1, allowing the binding of
dATP. APAF1 molecules then assemble into
the complex shown in Figure 4. The center of
the APAF1 oligomeric complex contains the
CARD domains that recruit caspase-9 mole-
cules to activate the caspase. This APAF1-cas-
pase-9 complex is called the “apoptosome.”
Removal of the WD region results in forma-
tion of the apoptosome, but this is not what
occurs in cells undergoing apoptosis. Instead,
another protein binds to the WD region, pro-
ducing a conformational change that exposes

WD domains (also called WD40) contain multiple motifs
of approximately 40 amino acids that often end with a tryp-
tophan-aspartic acid (“WD” in single-letter amino acid
code). Many proteins have WD domains that have functions
in signaling and cell cycle control (and in the case of APAFI,
apoptosis).

Cite this article as Cold Spring Harb Perspect Biol 2022;14:a041038 3
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Figure 4. Apoptosome formation in vertebrates. Interaction of cytochrome ¢ with the WD region of APAF1
allows dATP binding to the NACHT, resulting in a conformational change. This drives oligomerization and
exposure of the CARD that interacts with the CARD of caspase-9, resulting in the activation of the caspase.

the nucleotide-binding site (presumably by
moving the WD region away from it). The pro-
tein responsible is cytochrome ¢, a protein pre-
sent in mitochondria, where it has a central role
in electron transport and energy production.
Cytochrome c is a nuclear-encoded protein
that is synthesized in the cytosol as apocyto-
chrome cand then transported into mitochondria
to the space between the inner and outer mito-
chondrial membranes (the intermembrane
space). Here, the enzyme heme lyase attaches
a heme group to create the mature protein (hol-
ocytochrome ¢). Apocytochrome ¢ cannot acti-
vate APAF1, but holocytochrome ¢ (which can
do so) is normally sequestered away from the cy-
tosol (and APAF1) by the mitochondrial outer
membrane. For apoptosis to occur by the mito-
chondrial pathway, this barrier must be disrupted.
The ability of cytochrome ¢ to engage
APAFI to induce apoptosome formation and
caspase activation is independent of its function
in electron transport. We can introduce muta-
tions in a particular amino acid (lysine 72) that
do not affect electron transport but impair apop-
tosome formation. Mammalian cells engineered
to lack cytochrome ¢ do not activate caspases
when the mitochondrial pathway is engaged,

nor do cells in which cytochrome ¢ is mutated
at this key residue.

Mice engineered to lack APAF1 or caspase-9
often die during development or just after birth,
owing to extensive developmental abnormalities.
These include large outgrowths of the brain oc-
curring because of the presence of excess neu-
rons. Cells from these mice do not activate cas-
pases in response to signals that normally would
engage the mitochondrial pathway of apoptosis.
These defects in development are also seen in
mice lacking caspases-3 and -7, the executioner
caspases downstream of caspase-9. In addition, a
mouse has been generated in which cytochrome ¢
was mutated at lysine 72. This mutation pro-
duced an animal with the same defects as in those
lacking APAF1, caspase-9, or the executioner cas-
pases (Fig. 5). This serves as a formal demonstra-
tion that the mitochondrial pathway of apoptosis
requires the function of cytochrome c.

DISRUPTING THE MITOCHONDRIAL
OUTER MEMBRANE

If cytochrome c is to trigger apoptosis by engag-
ing APAF]1, it must move from the mitochon-
drial intermembrane space to the cytosol, where

4 Cite this article as Cold Spring Harb Perspect Biol 2022;14:a041038
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Figure 5. Mouse fetuses engineered to lack expression
of APAF1, caspase-9, or caspases-3 and -7 or with a
cytochrome K72A (lysine-to-alanine) mutation expe-
rience overgrowth of the forebrain (right) compared
with a wild-type control (left). (Images courtesy of Dr.
Christopher Dillon, St. Jude Children’s Research Hos-
pital, Memphis, Tennessee.)

both APAF1 and caspase-9 reside. It is able to do
this during apoptosis because upstream signals
that induce cell death cause the outer mem-
branes of all (or nearly all) mitochondria in
the cell to become permeable by a process called
“mitochondrial outer membrane permeabiliza-
tion” (MOMP). This results in the release, by
diffusion, of any soluble molecules residing
in the intermembrane space, including cyto-
chrome ¢. An example is shown in Figure 6.
Through time-lapse imaging of cells ex-
pressing fluorescent fusion proteins, we know

Mitochondrial Pathway of Apoptosis, Part |

that, during apoptosis, MOMP is usually sud-
den, rapid, and irreversible. That is, when a cell
is induced to undergo apoptosis, an indetermi-
nate time passes, and then suddenly nearly all of
the mitochondria undergo MOMP within a very
short time period (~5-10 min). Shortly after
this, caspases become active, leading to apopto-
sis.

Because MOMP does not involve a loss of
integrity of the inner mitochondrial membrane,
mitochondrial function is not destroyed by this
process, although electron transport is greatly
reduced because cytochrome ¢ becomes diluted
by diffusion into the cell cytosol. However, as
seen in Green (2022b), as executioner caspases
become active, they gain access to proteins that
are exposed on the inner membrane. Conse-
quently, complex I of the electron-transport
chain is destroyed and mitochondrial physiolo-
gy is altered dramatically.

OTHER PROTEINS ARE RELEASED
TOGETHER WITH CYTOCHROME ¢

When MOMP occurs during apoptosis up-
stream of caspase activation by the apoptosome,
all soluble proteins of the intermembrane space

5-min intervals

Figure 6. Mitochondrial outer membrane permeabilization (MOMP). Cells expressing a fusion between cyto-
chrome ¢ and green fluorescent protein (GFP) undergoing MOMP in response to an apoptosis-inducing stress
(left to right). As MOMP occurs (cell on the right in each pair), the distribution of fluorescence changes from
localization in the mitochondria to being diffuse throughout the cytoplasm. (The cell to the left underwent
MOMP at a later time.) The time between images is 5 min, with the first image taken several hours after the initial
stress. (Images provided by Dr. Stephen Tait, St. Jude Children’s Research Hospital, Memphis, Tennessee.)
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Figure 7. MOMP releases proteins that inhibit XIAP. Proteins that bind to XIAP, which include Smac and Omi,
reside in the mitochondrial intermembrane space and are released upon MOMP. These block the ability of XIAP

to inhibit caspase-3, caspase-7, and caspase-9.

are free to diffuse out of the mitochondria and
into the cytosol. Of these hundreds of different
proteins, some have roles in apoptosis and pos-
sibly other forms of cell death.

Among these is a protein called “second mi-
tochondrial activator of caspases” (Smac, also
called Diablo). This protein performs a function
in caspase activation that is distinct from that of
cytochrome c. Like the latter, it is produced by a
nuclear gene, and the protein is imported into
the mitochondrial intermembrane space. In the
process, the amino-terminal region is proteolyt-
ically removed, revealing a short sequence at the
new amino terminus with an important func-
tion.

Remember that vertebrate cells express
XIAP, an endogenous inhibitor of caspase-9
and the executioner caspases. This can block
caspase activation and apoptosis even if cyto-
chrome c is released to trigger the formation of
the APAF1 apoptosome. The function of Smac
is to prevent XIAP from exerting this inhibitory
effect. The amino terminus of mature Smac
binds to the same region of XIAP that binds to
caspase-9, preventing the inhibition of the cas-
pase by XIAP and allowing caspase activation to
proceed. This is illustrated in Figure 7.

Smac is a large protein dimer. Is the only
function of this protein to present the small ami-
no-terminal peptide to XIAP following MOMP?

It seems unlikely, but no other mitochondrial
functions of this protein have been identified.
Peptides and drugs that mimic the amino
terminus of Smac bind to and inhibit two other
IAPs (in addition to XIAP)—cIAP1 and
cIAP2—that have roles in other types of (non-
apoptotic) signaling. However, at this point, we
simply do not know whether Smac has a func-
tion beyond that in apoptosis.

Smac is not the only protein with this XIAP-
neutralizing activity that is released following
MOMP. Another is the serine protease Omi
(also called HtrA2), which like Smac has an ami-
no-terminal sequence that inhibits XIAP. Omi
has other functions in the mitochondria that
appear to be conserved not only in animals
but in other eukaryotes as well.” In some ani-
mals, Omi does not carry the XIAP-neutralizing
sequence at all (one example is the Omi
found in bovids). We return to Omi and Smac
in Green (2022c) when we consider another
pathway of vertebrate apoptosis.

>This is based on studies in organisms lacking the gene. In
knockout mice, for example, the animals display cell death in
the brain and immune systems ~1 month after birth, but the
reasons for this are not fully elucidated. It is clear, however,
that this is not due to the role of Omi discussed here.

6 Cite this article as Cold Spring Harb Perspect Biol 2022;14:a041038
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Figure 8. Apoptosis and caspase-independent cell death (CICD) in interdigital webs of developing mice. During
development, cells in the region between what will become digits die with the characteristics of apoptosis (note
the chromatin condensation in the center panel). In mice engineered to lack APAF1, these cells still die, but
without apoptotic morphology (right panel). (Reprinted from Chautan et al. 1999, ©1999 with permission from

Elsevier.)

MOMP CAN CAUSE CASPASE-
INDEPENDENT CELL DEATH

Cells in which the mitochondrial pathway of
apoptosis is engaged, but in which caspase acti-
vation is disrupted or blocked, can still die as a
consequence of MOMP. This mode of cell death
is often referred to as “caspase-independent cell
death” (CICD). The name is a bit problematic
because any cell death that is not apoptotic is
generally “caspase independent.” But CICD has
come to imply that MOMP is involved. In con-
ditions under which MOMP is inhibited, CICD
does not occur (the regulation of MOMP is dis-
cussed in detail in Green 2022d).

Mice lacking APAF1 have a number of de-
velopmental abnormalities, as we have seen (Fig.
5). However, in many tissues in which develop-
mental apoptosis® would normally occur, these
mice also display cell death, but it has a different
appearance. In particular, the cells die without
the characteristic appearance of apoptosis. An
example is cell death that is seen in the interdi-
gital webs of the developing mice, an event re-
quired for the formation of digits (Fig. 8).

In fact, when we look more closely at devel-
opmental cell death in wild-type animals, some
cell deaths more closely resemble CICD than
apoptosis. It might be that, in some cells,
APAF1 or the caspases are not efficiently ex-

“Discussed in more detail in Green (2022¢).

pressed or engaged following MOMP , but, be-
cause the cell dies anyway, it does not matter.

Not all cells undergo CICD in response to
MOMP if caspases are not active. In neurons, for
example, the cells can survive MOMP if caspases
are not activated, and the cells can eventually
recover. In culture, most cells that undergo
MOMP are generally doomed, but, under cer-
tain conditions, cells can recover if caspase acti-
vation is blocked or disrupted. CICD therefore
appears to be less efficient than apoptosis, which
might help to explain the developmental abnor-
malities in knockout mice that cannot engage
caspase activation through the mitochondrial
pathway.

MECHANISMS OF CICD

One likely explanation for CICD is “mitochon-
drial catastrophe.” Once MOMP occurs, the
outer membranes of the mitochondria are com-
promised, and therefore all of the soluble pro-
teins from the intermembrane space become
severely diluted, affecting mitochondrial func-
tion. ATP production, lipid biogenesis, and
other important functions of mitochondria no
longer occur efficiently, and the cell reaches a
point of no return and expires.

An alternative explanation for CICD is that
some of the proteins released following MOMP
can kill the cell regardless of whether caspases
are activated. Two of these potential killers are

Cite this article as Cold Spring Harb Perspect Biol 2022;14:a041038 7
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endonuclease G and apoptosis-inducing factor
(AIF).

Endonuclease G is a mitochondrial enzyme
that can cleave DNA between nucleosomes,
similarly to CAD/DFF40 (discussed in Green
2022b). Cells lacking CAD or iCAD, or cells in
which caspases are inhibited, generally fail to
fragment their DNA during cell death. It is not
clear, therefore, that endonuclease G cleaves
nuclear chromatin during either apoptosis or
CICD, and the role of endonuclease G in
CICD is not well established. Nevertheless, it
remains possible that limited cutting of DNA
by this enzyme contributes to CICD, but, at
this point, we cannot say with certainty that
it is involved.

The case for AIF is more intriguing. AIF is
an essential protein that appears to be important
for the proper transport and function of the
mitochondrial electron-transport chain, and

homologs of AIF are found throughout the eu-
karyotes. It resides in the intermembrane space
and is tethered to the inner membrane. Follow-
ing MOMP, proteases gain access to the inter-
membrane space as we described and then free
AITF from its tether. Caspases can do this, as well
as other proteases, such as calpain. It has been
suggested that AIF then locates to the nucleus to
effect CICD, possibly by causing DNA fragmen-
tation (Fig. 9).

Lack of AIF appears to be incompatible with
tissue development, and most cells lacking AIF
are severely compromised, which makes it diffi-
cult to rigorously test the importance of AIF in
CICD. Although there are many studies con-
cluding that the release of AIF from mitochon-
dria is a cause of cell death in various systems,
this remains controversial as other studies re-
port no role for AIF in cell death of cells that
do not require it for survival.

Proteases
enter and
cleave AlF
)
)
@ o
AlF translocates
to nucleus and
fragments DNA
Cell dies

Figure 9. Apoptosis-inducing factor (AIF) model of caspase-independent cell death (CICD). MOMP, mitochon-

drial outer membrane permeabilization.
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MITOCHONDRIAL PERMEABILITY
TRANSITION

How does MOMP occur? If isolated mitochon-
dria are exposed to high concentrations of cal-
cium, this causes a channel—the permeability
transition pore (PTP)—to open in the mito-
chondrial inner membrane. As a result, the
transmembrane voltage potential across the in-
ner membrane immediately dissipates, solutes
enter the central matrix, and water swells the
mitochondria until the inner membrane rup-
tures the outer membrane. This change in the
inner membrane is referred to as the mitochon-
drial permeability transition (MPT).

Many signals in addition to calcium fluxes
can cause the MPT, including reactive oxygen
species (ROS), changes in cellular pH, and cer-
tain drugs. Because of this, it was widely believed
that the MPT was the event that initiates apo-
ptosis by breaking the outer membrane and re-
leasing cytochrome ¢ (and other proteins). This
view persists in some quarters, and could well be
correct in some settings. However, although the
MPT is likely to have important roles in some
forms of cell death, the available evidence is that
it has no (or little) role in most forms of apopto-
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ey
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sis, including the mitochondrial pathway of ap-
optosis, as we will see.

Unfortunately, we know very little about
what comprises the PTP. Most schemes repre-
senting the PTP show several characterized mol-
ecules involved in forming a channel through
both the inner and outer membranes, such as
that depicted in Figure 10.

In this view, the PTP is mostly composed of
the adenosine nucleotide transporter (ANT,
which shuttles ADP and ATP across the inner
membrane), with roles for the voltage-depen-
dent anion channel (VDAC) in the outer mem-
brane. The PTP forms when ANT opens a
channel in the inner membrane. However, mi-
tochondria from cells lacking different ANTSs
display normal permeability transitions (as
well as apoptosis), as do cells lacking different
VDAGC:. So currently, we do not know which
membrane molecules comprise the PTP. Some
evidence suggests that proteins comprising the
ATP synthase in mitochondria are themselves
responsible for the PTP. However, as this
complex is generally essential for cell survival,
it is difficult to prove this idea, or to test the
importance of the PTP in different forms of
cell death.

Permeability transition

,
e T T
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Figure 10. Not the PTP. This is often the scheme used to explain the phenomenology of the PTP, but experimental
evidence strongly suggests that VDAC and ANT are unlikely to represent key elements of the mechanism. How

the PTP actually occurs remains controversial.
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One component of the PTP for which there
is some consensus is a matrix protein called cy-
clophilin D. Cyclophilin D is a peptidylprolyl
isomerase, an enzyme that reconfigures proline
residues in proteins.” Mitochondria from mice
lacking cyclophilin D display a defective MPT
response to calcium (although, at much higher
concentrations of calcium, an MPT can be de-
tected). Significantly, however, no defects in ap-
optosis, either developmental or induced, can be
detected in these mice, and they are develop-
mentally normal. Interestingly, the mice are
somewhat resistant to a nonapoptotic form of
cell death arising from ischemic injury (dis-
cussed in more detail in Green 2022f).

Given these observations, the MPT is un-
likely to be a major mechanism of MOMP in
apoptosis. The calcium levels needed to trigger
MPT are not achieved in routine cell signaling
but might arise under pathological conditions.
A more likely set of molecules that control
MOMP in the mitochondrial pathway of apo-
ptosis is the subject of Green (2022d).

APOPTOSOMES OF FLIES, WORMS,
AND OTHER BEASTS

The adapter proteins responsible for the activa-
tion of initiator caspases in the fly (Dronc) and
nematode (CED3) are homologs of APAF1 (Fig.
11). In Drosophila, this homolog is called
APAFI1-related killer (ARK), and, in Caeno-
rhabditis elegans, it is CEDA4.

In each case, a CARD in the adapter protein
binds to the CARD in the prodomain of the
caspase to activate the latter. However, unlike
APAF1, neither of these appears to be activated
by cytochrome c.

For CED4, the reason for this is pretty clear.
CED4 does not possess a WD region (see above),
and, as a consequence, it can spontaneously oli-
gomerize to form an octameric apoptosome and
activate CED3. In healthy cells, this is prevented
by another protein, CED9, that holds CED4 as
an inactive monomer. Curiously, this occurs on

’Cyclophilin D interacts with AN'T and other proteins, and it
has been suggested that its reconfiguration of prolines in the
target proteins is what opens the PTP.

CARD NACHT WD

il 1 T IRARRNRY
[T , | APAFI
(T
T cepa

Figure 11. Domain structures of apoptotic protease
activating factors (APAFs) in humans (top), flies (cen-
ter), and worms (lower).

the surfaces of mitochondria for reasons that are
not known (but we speculate on this in Green
2022e). During apoptosis, CED4 is released
from CED9. CED4 then oligomerizes, recruits
CED3, and activates the caspase to promote ap-
optosis (Fig. 12).

In flies, the APAF1 homolog, ARK, appears
to be constitutively active. That is, the protein
might spontaneously oligomerize to bind and
activate the initiator caspase Dronc. We say
“might” because ARK, like APAF1, has a WD
region, and therefore another molecule (a pro-
tein?) might have a role in the activation of ARK,
but currently this is not known.® However, if
ARK is constitutively active, what holds apopto-
sis in check? The answer is the Drosophila
inhibitor of apoptosis protein, DIAP1, which
prevents Dronc activation. It is the disruption
of the DIAP1-Dronc interaction that triggers
apoptosis. For now, we can create the scheme
shown in Figure 13 for apoptosis in the fly.

Furthermore, what do the apoptotic path-
ways in these animals say about our just-so story
of an ancient role for mitochondria in control-
ling cell death? Is the nematode pathway ances-
tral, giving rise to the arthropod pathway in
insects, and then the mitochondrial pathway
in vertebrates? If so, then our story is simply a
fantasy without value.

Flies did not evolve from nematodes, how-
ever, and humans did not evolve from flies.
Thus, it is possible that the mitochondrial path-

®There is some controversy about this. Genetic evidence
supports a role for cytochrome ¢ in the activation of caspases
in spermatogenesis in the fly and perhaps apoptosis in some
cells. However, experiments with Drosophila cells and cell
extracts do not support a role for cytochrome c or its release
from mitochondria in apoptosis.

10 Cite this article as Cold Spring Harb Perspect Biol 2022;14:a041038
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Figure 12. Caspase activation in nematodes. Remember that this illustration is misleading: CED4 oligomerizes
near its nucleotide-binding region into an octameric apoptosome; the CED4 CARD binds to the CARD of CED3,
which is then activated by proximity.
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Figure 13. Caspase activation in Drosophila. ARK is constitutively active, and forms the apoptosome, which
activates the initiator caspase Dronc. Dronc is held inactive by the inhibitor of apoptosis protein
DIAPI1. Disruption of DIAP1 permits the active Dronc caspase to cleave executioner caspases, and apoptosis
proceeds.
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way, as it appears in vertebrates, is the ancestral
mechanism. For some reason, nematodes and
insects might have subsequently lost it.
Currently, to guide us we have only sequence
data from different animal phyla, with limited
functional information. APAF1 homologs are
found throughout the animal kingdom, and, in
those examined so far, only in nematodes do any
of these lack the WD region that interacts with
cytochrome c in the vertebrate pathway. At this
point, we do not know whether most of these
actually interact with cytochrome c. As noted at
the beginning of this review, there is compelling
evidence that MOMP occurs and cytochrome ¢
activates APAF1 in echinoderms and platyhel-
minthes, and therefore it remains possible that
the mitochondrial pathway of apoptosis, as we
have described it, is widespread in the animals.
However, what we can say is that the pathway in
nematodes is unlikely to be ancestral.

IAP INHIBITION IN DROSOPHILA
APOPTOSIS

As we have discussed, the APAF1 homolog in
flies appears to be constitutively active, and ap-
optosis is controlled by the action of DIAP1 to
block the initiator caspase Dronc. In flies,
MOMP does not occur upstream of caspase ac-
tivation, and therefore no IAP antagonist is re-
leased from mitochondria to promote cell death.
Instead, proteins that use a strategy similar to
that of Smac and Omi are transcriptionally
expressed and neutralize DIAP1 to cause apo-
ptosis. These proteins are encoded within a com-
plex of functionally related genes that all have
suitably morbid names, including Grim, Reaper,
Sickle, and the less evocative Hid (because it was
originally identified in a different setting). These
proteins, like Smac (and other IAP antagonists),
share the small amino-terminal region that al-
lows them to bind to the IAP and take it out of
action. The resulting Drosophila pathway for
apoptosis is shown in Figure 14.

Smac, Omi, and these Drosophila proteins
all interact with IAP proteins in similar ways,
through the binding of their amino-terminal se-
quences; Figure 15 shows these sequences for
comparison. The same sequence is found in cas-

Apoptosis- Reaper
inducing —— Hid
signals Grim
Slcke Disyuption
® e of DIAPI
DIAP1 inhibits Q function
Dronc

g

Active Dronc cleaves
and activates
executioner caspases

Apoptosis

Figure 14. Apoptotic signals in flies induce the expres-
sion of inhibitors of DIAPI, including Reaper, Hid,
Grim, and Sickle.

pase-9, and the binding of this sequence to
XIAP is necessary for inhibition of the caspase.
The ability of proapoptotic proteins to neutral-
ize IAP proteins therefore appears to be simple
competition with the caspases for binding. If so,
this small peptide region should be sufficient to
produce the effect. This appears to be true in
experimental systems.

So far, we have considered only the part of
the mitochondrial pathway of apoptosis that is
downstream from MOMP, and MOMP is clearly

Smac AVPl
Omi AVPS
Reaper AVP|
Hid AVPF
Grim AlAY
Sickle AlPF
Caspase -9 ATPF

Figure 15. IAP-binding sequences (single-letter ami-
no acid code) in humans and Drosophila. The amino-
terminal sequences of Smac and Omi are produced
following cleavage of the mitochondrial-localizing se-
quence in mitochondria. That of caspase-9 is pro-
duced by caspase cleavage. The similarities among
these sequences is evidence for an evolutionarily con-
served mechanism of IAP binding.
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an important event that determines life or death,
at least in vertebrate cells. What causes MOMP
and how it is regulated are considered next.
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