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Apoptosis is an ordered cascade of
enzymatic events that culminates in

cell death and the cleavage of DNA into
characteristic nucleosomal fragments. It is
operative during embryonic development
and, during adult life, plays a key role in
various physiological processes, such as
tissue remodeling and execution and reg-
ulation of the immune response. The con-
sequences of inappropriate apoptotic re-
sponses are profound; for example, the
failure of cells to initiate apoptosis in
response to DNA damage has been impli-
cated in the development and progression
of cancer, whereas inappropriate activa-
tion of apoptosis is thought to be a con-
tributing factor in Alzheimer’s disease and
Parkinson’s disease. Rigorous signaling
requirements and a complex network of
inhibitory molecules maintain tight con-
trol of the apoptotic process, while per-
mitting rapid and effective responses to
diverse extracellular and intracellular sig-
nals. Growth-factor withdrawal, specific
peptide hormones (e.g., tumor necrosis
factor a, Fas ligand, and TRAIL), changes
in intracellular or extracellular calcium,
drugs (e.g., staurosporine and phorbol
esters), DNA damage, and mitochondrial
poisons can all induce apoptosis, with each
of these triggers activating a different por-
tion of the pathway. As our knowledge of
the apoptotic cell death cascade increases,
it is becoming apparent that the system is
more complex than first thought. In a
recent issue of PNAS, Khaled and col-
leagues (1) have addressed how cells
might accomplish this fine-tuning of the
apoptosis cascade by analyzing the regu-
lation of the proapoptotic molecule Bax in
response to the withdrawal of growth fac-
tors.

The marked similarities in apoptosis
among all metazoans have contributed
greatly to our understanding of the mam-
malian pathway. In the nematode Caeno-
rhabditis elegans, three gene products are
central to the regulation of the death
cascade, CED-3, CED-4, and CED-9.
CED-4 binds to CED-3, thereby regulat-
ing the activation of CED-3 and the death
cascade, whereas CED-9 blocks the activ-
ity of CED-4 (2). In the mammalian sys-
tem, caspase 8, a cysteine protease, shares
homology with the C. elegans protein
CED-3. Caspase 8 is an initiator caspase

that activates effector caspases, including
caspase 6, caspase 3, and caspase 7,
through selective cleavage (Fig. 1).
Caspase 8 contains a death effector do-
main, which is capable of interacting with
the death effector domains contained in
the adaptor molecules that link it to spe-
cific extracellular and intracellular signals.
For example, the peptide hormone Fas
ligand binds to a specific transmembrane
receptor, Fas. On trimerization, Fas inter-
acts with a specific adaptor protein
FADD, which contains a death effector
domain, and activates caspase 8. Similar
initiation pathways have been established
for tumor necrosis factor a and TRAIL.

The effector caspases 3 and 7 also are
regulated by the APAF-1 protein, a ho-
molog of CED-4, in a manner analogous
to that of the nematode CED-3–CED-4
interaction. APAF-1 contains an N-
terminal caspase recruitment domain.
When the APAF-1 protein is homodimer-
ized in the presence of dATP and cyto-
chrome C released from mitochondria,
APAF-1 brings two caspase 9 molecules
together, thereby activating this initiator
caspase. The activated caspase 9 then in-
duces the cleavage of the effector pro-
teases, caspase 3 and 7, activating their
protease activity (Fig. 1). Interestingly,
caspase 3 and 7 also may cleave the initi-
ator caspase 8, which, in its position at the
head of this pathway, can activate a pos-
itive feedback loop for this cascade.

The effector caspases are responsible
for the controlled degradation process
that is characteristic of apoptotic cell
death. In addition to degrading specific
proteins, such as laminin, the effector
caspases target the complex containing
the nuclease responsible for DNA cleav-
age (CAD). CAD resides in the cytoplasm
in a complex with its inhibitor (ICAD).
During apoptosis, the effector caspases
cleave ICAD, thereby allowing the active
CAD to migrate from the cytoplasm into
the nucleus and to initiate DNA degrada-
tion.

Because the cellular consequences of
errant activation of the apoptotic cascade
are considerable, the enzymes that play an
important role in regulating this cascade
must be under strict inhibitory controls.
The caspases cannot be activated in the
absence of either trimerization of a recep-

tor or dimerization of APAF-1. In addi-
tion, mammalian cells make use of a set of
regulatory proteins, the bcl-2 family,
which show similarities to the nematode
protein CED-9. Consistent with its role in
blocking cell death, Bcl-2 was identified
initially through analysis of chromosomal
translocations in follicular and diffuse
lymphomas. The Bcl-2 family of prosur-
vival proteins includes proteins Bcl-XL,
Bcl-w, Mcl-1, etc., which share multiple
amino acid domains, notably, the BH1,
BH2, BH3, and BH4 domains and a hy-
drophobic membrane anchor. Bcl-2 family
members are located in the outer mem-
brane of the mitochondria and function, at
least in part, by blocking the release of
cytochrome C from the mitochondria
(Fig. 1).

The cloning of these Bcl-2 prosurvival
proteins revealed related proteins that, in
contrast to the prototype Bcl-2 family
members, are proapoptotic when overex-
pressed. One such proapoptotic protein,
Bax, contains BH1, BH2, and BH3 do-
mains and a hydrophobic membrane an-
chor but lacks the BH4 domain. Bax has
similarities to Egl-1, a protein of C. elegans
that inhibits CED-9. Other Bax family
members, including Bak, Bok, Bik, Bad,
Bid, etc., all contain BH3 domains, al-
though the majority lack the BH1 and
BH2 domains and the hydrophobic mem-
brane domain. In contrast to the Bcl-2
family members, insertion of Bax family
members into the mitochondrial mem-
brane induces the release of cytochrome C
and the induction of apoptotic cell death.

The regulation of this diverse proapo-
ptotic Bax family seems to be quite com-
plex. The assorted mechanisms used by
this family of proteins to achieve activa-
tion suggest that this system may permit
the triggering of the apoptotic pathway in
response to specific sets of multiple weak
signals rather than to sufficiently strong
individual stimuli. Members of the Bax
family of proteins are activated variously
by cleavage by caspases, inhibition of pro-
tein kinases andyor activation of phospha-

See companion article on page 14476 in issue 25 of volume
96.

*To whom reprint requests should be addressed. E-mail
Andrew.Kraft@uchsc.edu.

PNAS u January 18, 2000 u vol. 97 u no. 2 u 529–531

CO
M

M
EN

TA
RY



tases, and an increase in intracellular pH.
For example, Bid, which does not contain
a hydrophobic membrane insertion se-
quence, is activated by cleavage by caspase
8 (3). This cleavage exposes its BH3 do-
main, allowing dimerization with Bax and
Bcl-2, stimulating Bax and inhibiting Bcl-2
activity. The BH3 domain-containing pro-
apoptotic protein Bad uses yet another
regulatory mechanism. In cells treated
with growth factor, it is phosphorylated by
Akt (4), c-AMP-dependent protein kinase
(5), and p90RSK (6) kinases creating 14-3-3
binding sites and allowing Bad to dimerize
with 14-3-3, which results in sequestration
of the protein away from the mitochon-
dria. Removal of growth factors, such as
IL-7 and IL-3, would likely free Bad,
possibly through the activation of a phos-
phatase, from 14-3-3 interaction and allow
the binding of Bad to Bcl-2 through its
BH3 domain, thereby inhibiting Bcl-2 ac-
tivity. The Bax molecule seems to reside in
the cytoplasm and responds to various
stimuli by migration to the mitochondria
(7) where it is capable of causing cyto-
chrome C release (8), thereby activating
APAF-1 dimerization and the apoptotic
cascade. Khaled and colleagues (1) have
shown that growth-factor starvation in-
duced by removal of IL-7 from the D1 T

cell line or IL-3 from the pro B cell line,
BaF3, can cause translocation of Bax from
the cytoplasm to the mitochondria. They
further show that withdrawal of growth
factor causes an increase in the intracel-
lular pH that allows the unfolding of Bax
and the insertion of its C-terminal hydro-
phobic domain into the mitochondrial

membrane, thereby promoting apoptosis.
Given the number of members of this
family and their diversity, the mechanisms
involved in controlling these proteins may
be even more complex. This complexity
could allow modulation of the apoptotic
response. Thus, cells that are starved of
growth factors for short periods of time
would be prevented from executing the
full apoptotic program, even though indi-
vidual members of this proapoptotic fam-
ily are activated.

In their paper, Khaled and colleagues
(1) have shown that high pH induces an
increase in the sensitivity of Bax to pro-
teases, the availability of Bax for immu-
noprecipitation by an antibody specific for
the N terminus, and the partitioning of the
protein into Triton X-114 detergent.
Taken together, these results suggest that
a conformational change in Bax is induced
by an increase in cellular pH. In addition,
the authors have shown that mutation of
the C-terminal lysine residues 189 or 190
to leucines or the N-terminal aspartic acid
residue 2 and glutamic acid residue 6 to
alanines also renders the protein more
susceptible to protease digestion and im-
plies that such changes confer a more
open configuration on the protein. How-
ever, increased insertion into the mito-
chondrial membrane of these mutants was
not shown. These data suggest that the N
and C termini are bound by charged res-
idues that may be neutralized at high pH,
thus opening up the protein (Fig. 2). The
C termini of the Bcl-2 and Bax families of
proteins contain a domain that is neces-
sary for mitochondrial insertion; its dele-
tion blocks apoptosis induced by Bax (9).
This domain (amino acids 171–192) con-
tains multiple hydrophobic residues inter-
spersed with threonines and serines. Oth-
ers have shown that the mutation of serine

Fig. 1. Cascade of the apoptotic response. CAD, caspase-activated deoxyribonuclease.

Fig. 2. Mechanism of BAX structural regulation necessary for mitochondrial insertion. The domains of
Bax are shown, including a C-terminal transmembrane domain (TM). Model 1 shows N-terminal amino
acids 1–20 and C-terminal amino acids 172–192 of Bax with specific charged amino acids identified as
important for structural unfolding (1) in bold. Model 2 identifies threonines and serines in the N- and
C-terminal regions that are possible phosphorylation sites. Serine 184 (20), which has been identified as
regulatory amino acid for mitochondrial insertion, is underlined.
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184 to an acidic residue (S184E, S184K, or
S184D) blocks the ability of Bax to insert
into the mitochondrial membrane,
whereas mutation of this residue to a
hydrophobic amino acid (S184A or
S184V) enhances localization of Bax to
the mitochondrial membrane (10). Simi-
larly, the N terminus of Bax contains
multiple serines and threonines inter-
spersed with hydrophobic residues. Be-
cause both serines and threonines are
commonly phosphorylated residues and
because acidic residues can mimic this
effect, it is possible to posit an alternative
hypothesis. At the time of growth-factor
starvation, dephosphorylation of the N
and C termini of a phosphorylated Bax
molecule would allow the two hydropho-
bic ends of the protein to associate and
make for easier insertion into mitochon-
drial membranes (Fig. 2).

Khaled and colleagues (1) have shown
that Bax translocates to the mitochondrial
membrane after 6 hours of growth-factor
starvation, although apoptotic cell death
does not occur until 24 hours. The authors
suggest that this delay reflects the levels of
Bcl-2 protein (but not mRNA, which is
short lived), which remain elevated until
this time. Addition of IL-7 to the growth-
factor-starved cells after translocation of
Bax to the mitochondrial membrane but
before apoptosis can reinitiate cell
growth. This reversal suggests that Bax
translocation and insertion into the mito-
chondrial membrane alone are not suffi-
cient to induce apoptotic cell death.

It has been hypothesized that Bax in-
duces the release of cytochrome C by
inhibiting Bcl-2 function through binding
of the BH1, BH2, and BH3 domains.
There is, however, considerable evidence
to support the alternative hypothesis that
Bax and Bcl-2 function independently in
regulating apoptosis. Both Bcl-2 and Bax

are capable of forming ion channels in
artificial membranes (11), although Bcl-2
inhibits the activity of Bax at neutral pH.
These data would suggest that although
Bax function can be inhibited by Bcl-2, it
does not require this interaction to func-
tion. Moreover, it has been shown that the
removal of a portion of the BH1, BH2, and
BH3 domains does not prevent Bax from
enhancing chemotherapy-induced apopto-
sis (12), and the enforced dimerization of
Bax with the FKBP protein induces trans-
location of Bax to the mitochondria and
cell death even in the presence of Bcl-2
(13). Likewise, Bax mutant proteins that
fail to bind to Bcl-2 are capable of induc-
ing apoptosis (14), and the phenotype of
Bax knockout mice differs from that of the
Bcl-2-deficient strain (15).

If the inhibition of Bax by Bcl-2 does not
depend on the binding of Bcl-2 to Bax,
how then does Bcl-2 inhibit Bax? In cell
lines that overexpress Bcl-2, Bax is unable
to insert into the mitochondrial mem-
brane and remains in the cytosol (7),
suggesting the possibility that the number
of insertion sites are limited. However,
when Bax was titrated to determine the
receptor number, no limitation could be
found. Khaled and colleagues (1) have
reported that on IL-7 withdrawal, a good
portion of the Bax remains in the cytosol,
which is consistent with a limitation on
insertion sites. Thus, it is possible that
Bcl-2 levels in the mitochondrial mem-
brane must decrease if Bax levels in the
mitochondria are to rise. Alternatively,
additional Bax family members may play
an essential role in the process. It has been
reported previously that growth-factor
starvation leads to intracellular acidifica-
tion at later time points (16), although
acidification was not evident during T cell
starvation in the work of Khaled and
colleagues (1). Acidic pH enhances the

dimerization of the Bax family of proteins
(17) and induces caspase activation (16).
As described above, Bid can then be
cleaved by caspases and bind to Bax
through its BH3 domain. BidyBax binding
markedly enhances the ability of Bax to
induce the release of cytochrome C from
mitochondria (18). In addition, as growth-
factor starvation proceeds, it is possible
that Bad, freed from the 14-3-3 interac-
tion, could bind simultaneously to Bcl-2
and inhibit its channel regulatory func-
tion. Early growth-factor readdition may
occur before the cleavage of Bid and the
dephosphorylation of Bad, making rever-
sal of the harmful effects of Bax insertion
into the mitochondrial membrane possi-
ble.

Finally, there is a growing body of evi-
dence that supports the concept that the
protein regulators of apoptosis play an
important role in the regulation of the cell
cycle. Survivin, an antiapoptotic protein,
increases markedly in the G2yM phase of
the cell cycle and may regulate cell-cycle
progression through this checkpoint (19).
Mature T cells that overexpress Bax have
a lower level of p27 and enter the S phase
more rapidly than do T cells that overex-
press Bcl-2. T cells that overexpress Bcl-2
progress through S more slowly than wild-
type cells (20). Therefore, Bax may play an
important role regulating the G1yS check-
point. It can be suggested, albeit hypothet-
ically, that the primary effect of translo-
cation of Bax to the mitochondria in re-
sponse to withdrawal of growth factors is
sequestration of Bax, which, in turn pre-
vents the transition of cells through G1yS.
It may be only on prolonged starvation
that Bax, through interaction with other
family members, becomes the initiator of
the apoptotic death pathway. As one
knows, skipping lunch alone may be un-
comfortable, but it is not terminal.
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