PERSPECTIVES

the physiology, biochemistry, and cellular
processes that allow the rapid conversion and
movement of protoplasm necessary for both
gametagenesis and nocturnal growth are un-
known. Clifton’s (4) investigation begins to
fill this void and also documents a phenom-
enon of plant behavior that was previously
unknown for seaweeds. This system offers
interesting parallels and contrasts with other
synchronized events such as mass spawning
in corals, mass seed set in bamboo, and tem-
poral release of pheromones in insects.

As a final note, although society has be-
come increasingly aware of how ecological
and environmental knowledge influences
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An enhanced version of this Per-
spective, with live links, can be
seen in Science Online at htep://
www.sciencemag.org/

our lives, the facilities and opportunities for
conducting long-term field investigations
are very limited. The Smithsonian Tropical
Research Institute in Panama supported
Clifton’s work, and it is one of the few places
where in-depth field investigations can still
be conducted. Such facilities and institu-
tions are valuable resources that should be
recognized and supported.
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Controlling Cell Death

Pierre Golstein

In many situations—both normal and
pathological—<ells die as a result of an or-
derly, stereotyped cascade of cellular events.
On pages 1122, 1126, 1129, and 1132 of this
issue (8,9, 12, 13), four reports describe the
molecular basis of crucial steps in this cas-
cade. The importance of understanding the
basis of this programmed cell death was spec-
tacularly demonstrated recently through the
rescue with cell death inhibitors of mice un-
dergoing acute liver destruction (1, 2).

Programmed cell death is genetically deter-
mined, as demonstrated in the nematode
Caenorhabditis elegans. Cell death occurring
during development of this worm involves the
molecules CED-3 and CED-4, which are nec-
essary for cell death to occur, and CED-9,
which protects cells from death. Genetic evi-
dence shows that CED-9 acts as an inhibitor of
CED-4 to prevent the death-inducing activity
of CED-3 (3). In mammals, CED-3 homologs
area family of at least 10 cysteine proteases with
aspartate specificity, formerly called the ICE
(interleukin-1B—converting enzyme) family,
now called caspases (4). CED-9 corresponds in
mammals to a family with many members (5);
the prototype is the Bcl-2 molecule; family
members will be referred to here as Bcl-2s. The
mammalian equivalents of the CED-4 mol-
ecule are not yet known.

The programmed cell death cascade can
be conveniently divided into several stages
(Fig. 1A). Multiple signaling pathways lead
from death-triggering extracellular agents to
a central control and execution stage. In this
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stage, the activation of CED-3/caspases oc-
curs, which is controlled by CED-9 /Bcl-2s
and presumably also involves CED-4. Bcl-2
is found mainly at the mitochondrial mem-
brane (6), which, together with other argu-
ments, suggests that mitochondria may also
play a part at this stage (7). Downstream,
caspase activation leads directly or indirectly
to the characteristic “apoptotic” structural
lesions accompanying cell death—cytoplas-
mic and chromatin condensation and DNA
fragmentation. The control and execution
stage thus requires at least four components,
CED-3/caspases, CED-9/Bcl-2s, CED-4, and
mitochondria. How do these components
interact at the molecular level?

In two papers in this issue (8, 9), the
molecular link between Bcl-2s and caspases
is shown to involve CED-4 (or its mamma-
lian equivalent). In an impressive paper,
Chinnaiyan et al. (8) initially show that
overexpression of C. elegans CED-4 in mam-
malian cells leads to cell death. These trans-
fected cells allowed further investigation on
CED-4, getting around the absence of a
known mammalian equivalent of CED-4
and of C. elegans cell lines. CED-4—induced
mammalian cell death can be blocked by the
overexpression of Bcl-x; (one of the death-
protective Bcl-2s) and by caspase inhibitors.
These results indicate that in mammalian
cells CED-4,- under the control of Bcl-2s,
causes death through caspase activation.
Chinnaiyan et al. then show by coimmuno-
precipitation a direct physical interaction
between the proteins encoded by the genes
ced-4 and ced-9 (or bcl-x;) and the proteins
encoded by ced-4 and ced-3 (or the mamma-
lian caspases ICE and FLICE, which have a

large prodomain, but not CPP32 or Mch-2,
which have smaller prodomains). These trans-
fection experiments made clever use of mu-
tant molecules with the binding but not the
killing properties of the wild-type molecules,
to prevent induction of cell death with its
resulting decrease in protein yield.

CED-4 can independently and simulta-
neously bind both CED-9 and CED-3, as
shown by coprecipitation of CED-3 and CED-
9 only when CED-4 was also cotransfected.
Similar results were obtained for Bel-x; and
ICE; however, in this case there was no re-
quirement for CED-4, consistent with an en-
dogenous mammalian equivalent of CED-4
that is able to link Bcl-2s and caspases. A
reservation is that the techniques used do not
allow detection of other molecules that might
participate in, and are perhaps required for,
the CED-3-CED-4-CED-9 complexes.

Where in the cells do these molecular in-
teractions take place? Wu et al. (9) show by
immunostaining plus confocal microscopy that
the expression of CED-4 was diffuse in the
cytoplasm when CED-4 was expressed in iso-
lation, whereas it formed a compact granular
pattern when CED-9 was coexpressed with
CED-4. Similarly, in fractionation experi-
ments CED-4 shifted upon expression of
CED-9 from a cytosolic to a membrane-or-
ganelle fraction rich in mitochondria. Be-
cause Chinnaiyan et al. (8) showed that the
binding of CED-9 to CED-4 did not prevent
the binding of CED-4 to CED-3, when CED-
9 drags CED-4 to (presumably) mitochondria,
it must also drag CED-3 there. While doing
this, CED-9 also modifies CED-4 to ulti-
mately prevent CED-3/caspase activation.

These reports, added to the previous ge-
netic, biochemical, and functional data, es-
tablish a nicely simple paradigm: CED-9/
Bcl-2, at the mitochondrial membrane,
binds and modulates CED-4, which in turn
binds CED-3/caspases (Fig. 1B). Binding of
CED-4 to CED-3/caspases may lead to
caspase activation if CED-4 is not bound by
CED-9/Bcl-2.
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To this simple scheme, other ob-
servations add some complexity.
For instance, Bcl-2 appears to drag
to mitochondria also the Raf-1 ki-
nase. BAD, yet another Bel-2 fam-
ily member, which is proapoptotic
through heterodimerization with
Bcl-2 or Bcl-x;, can be phosphoryl-
ated by Raf-1 (10) at the mito-
chondrial membrane. Phosphoryl-
ated BAD cannot heterodimerize
with Bel-2, allowing Bcl-2—driven
survival (11). Thus posttransla-
tional modifications of some Bcl-
2s, in a mitochondrial environ-
ment, can regulate cell death.

Two other reports in this issue
reveal that CED-4 may not be the
only intermediate between Bcl-2s
and caspases. Cytochrome c (Cyt
c) released from mitochondria (12,
13) may also be critical. In mam-
malian cells, there is a detectable
shift of Cyt ¢ from mitochondria to
cytosol, as soon as 1 hour after the
induction of cell death, together
with caspase activation and cell
death. Translocation of Cyt ¢ from
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Schematic representation of the programmed cell death
cascade. (A) The three main stages of programmed cell
death. (B) The control and execution stage. Members of the
Bcl-2 family (for example, Bcl-2, Bel-x, CED-9, BAX, and
BAD), on mitochondria, interact with themselves. Bcl-2,
Bel-x, and CED-9 interact with CED-4. CED-4 interacts
with members of the caspase family (CED-3 and caspases
with large prodomains) and triggers or relays the caspase
activation cascade primed through upstream signaling
(via connecting molecules such as FLICE or RAIDD). A
hypothesis, represented here, is that this cascade is fur-
ther amplified through the effects of cytochrome ¢ and
AIF released from mitochondria, which lead to structural
alterations and cell death. Starred wheels, possible sites

mitochondria to cytosol was blocked
by overexpression of Bcl-2. Cyt ¢
was released from isolated mito-
chondria, but much less was released from
mitochondria isolated from cells over-
expressing Bcl-2. The Cyt c thus released was
required, together with other cytosolic factors,
for subsequent caspase activation. Inhibitors of
caspase activation did not block the release of
Cyt ¢ from mitochondria but blocked subse-
quent caspase activation and cell death.

In another cell-free system in which
Xenopus egg extracts were used (13), Kluck et
al. incubated mitochondria in cytosol, which
led within 3 hours to the appearance of Cyt ¢
in the cytosol, caspase activation, and apo-
ptotic effects. Baculovirus-expressed Bcl-2
added to the mitochondrial fraction blocked
Cyt c release, caspase activation, and the
apoptotic effects. Bcl-2 had no effect when
added after Cyt c release. This showed that
Bcl-2-regulated Cyt c release is required for
caspase activation and the apoptotic effects.
The effect of added Bcl-2 was directly on the
mitochondria, rather than on a cytosolic step
upstream of the mitochondria. Indeed, the
regulation by Bcl-2 of Cyt c release is a strong
point in favor of the biological significance
of this release. It would be of interest to know
whether moieties other than Cyt ¢ can be
released from mitochondria under similar
experimental conditions, and whether this is
also under Bcl-2 control. The mechanisms
by which Cyt c is released from mitochondria
and by which this process is blocked by Bcl-
2 are not known.

Another possible indirect connection be-

of caspa
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tween Bcl-2s and caspases via mitochondria
has been suggested (7). A loss of mitochondrial
membrane potential occurs during cell death.
This permeability transition is under Bcl-2
control. The permeability transition leads to
the release from mitochondria to the cytosol of
a molecule, called AIF (apoptosis-inducing
factor), apparently itself a caspase-inhibitor—
sensitive protease, causing caspase activation
and cell death. Interestingly, the permeability
transition can be blocked by caspase inhibitors
under certain circumstances, suggesting that it
may require the first steps of the caspase activa-
tion cascade (7). However, in certain experi-
mental systems, the permeability transition
may occur more than 4 or 5 hours after the
death-inducing signal (12, 13).

Bcl-2s thus clearly control, directly or in-
directly, caspase activation, although this may
not account for all possible effects of Bcl-2s
on cell death. Bcl-x; by itself is able to
form ion channels in membranes (14), and
hyperexpression of BAX can lead to cell death
that does not require caspase activation
(15). These effects of Bcl-2s may parallel
those of perforin, a channel-forming mol-
ecule in granules of cytotoxic T cells. When
cytotoxic T cells kill a target cell, granule
exocytosis leads to the presence of perforin
near the target cell. At high concentrations,
perforin is able to destroy the target cell by
itself, leading to necrotic rather than
apoptotic cell death. At lower, sublytic con-
centrations, perforin seems to “help” another

granule protein, the serine esterase granzyme
B, to leave unidentified target cell organelles
to activate caspases, which subsequently
leads to death (16, 17). Thus, there is a teas-
ing similarity between Bcl-2s and perforin.
Both Bcl-2s and perforin are channel-form-
ers, both can trigger by themselves cell death
at high concentrations, and both at lower
concentrations can lead to the release from
intracellular organelles of molecules (Cyt ¢
and granzyme B, respectively) that will lead
to caspase activation and cell death. Perhaps
this reflects a more general cell-death para-
digm in which one molecule causes the re-
lease of another from a sequestering or-
ganelle, allowing it to execute its function.

If all of these results are reproducible and
general, between Bcl-2 and caspase activa-
tion, there are at least three possible links,
involving CED-4, Cyt c, or AIF. Assuming
that these links are independent, they may act
in parallel, adding to the apparent molecular
redundancy that seems to be the rule for mam-
malian cell death. Alternatively, they may act
in part sequentially (Fig. 1B). Each of these
pathways would be sufficient to trigger caspase
activation on its own under artificial circum-
stances such as overexpression. However, un-
der physiological conditions each may be limit-
ing. There might thus be a series of activating
inputs on the caspase pathway, via upstream
connecting molecules CED-4, Cytc,and AIF.
These inputs may act as successive reinforce-
ments—sequential, additive activation in-
puts along the caspase cascade.

The data presented in this issue position key
players of the control and execution stage of the
cell death cascade. They pave the way to find-
ing out how exactly these players affect one
another and how they function, and to identi-
fying the mammalian homolog of CED-4.
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