
family. Assuming that this primordial suicide 
program is conserved throughout evolution, 
it holds that an  analogous paradigtn is reca- 
pitulated in mammals. T h e  molecular frame- 
work that we have proposed gives rise to a 
number of areas for future study, including 
the identification of a possible mammalian 
CED-4 homolog. Though we have estab- 
lished a working framework, the tnechanism 
bv which CED-4 activates the casoases and 
how this is regulated by Bcl-2 family mem- 
bers is unknown. If a matnmalian CED-4 
homolog does exist, it \vould be a possible 
target for therapeutic modulation in  diseases 
of dysregulated apoptosis. 
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Interaction and Regulation of Subcellular 
Localization of CED-4 by CED-9 

Dayang Wu, Herschel D. Wallen, Gabriel Nutiez* 

The Caenorhabditis elegans survival gene ced-9 regulates ced-4 activity and inhibits cell 
death, but the mechanism by which this occurs is unknown. Through a genetic screen 
for CED-4-binding proteins, CED-9 was identified as an interacting partner of CED-4. 
CED-9, but not loss-of-function mutants, associated specifically with CED-4 in yeast or 
mammalian cells. The CED-9 protein localized primarily to intracellular membranes and 
the perinuclear region, whereas CED-4 was distributed in the cytosol. Expression of 
CED-9, but not a mutant lacking the carboxy-terminal hydrophobic domain, targeted 
CED-4 from the cytosol to intracellular membranes in mammalian cells. Thus, the actions 
of CED-4 and CED-9 are directly linked, which could provide the basis for the regulation 
of programmed cell death in C. elegans. 

Programmed cell death (PCD)  plays a n  
essential role in  animal development and 
homeostasis (1) .  Genetic studies in the  
nematode Caenorhabditls elegans have iden- 
tified several comDonents of the  death 
pathway, some of which are conserved in 
vertebrates, including hutnans (2 ,  3 ) .  T h e  
nematode ced-9 gene was discovered by 
analysis of gain-of-function tnutants, and it 
was subsequently shown that ced-9 protects 
cells that nortnally survive frotn undergoing 
P C D  (4) .  In  contrast, loss-of-function mu- , , 

tations in the  ced-3 gene cause all 131 cells 
that normally die to  survive, indicating that 
ced-3 1s required for PCD (3) .  Both ced-9 
and ced-3 have tnatntnalian hotnologs. T h e  
ced-9 gene encodes a protein with sign~fi- 
cant sequence homology to the  vertebrate 
Bcl-2 and Bcl-xL survival proteins, whereas 
the  ced-3 product is hotnologous to  the  
interleukin-lP-converting enzytne (ICE), 
which is a member of a growing fatnily of 
ICE-like proteases, called caspases (5,  6). 
T h e  tnammalian bcl-2 gene can functionally 
substitute for ced-9 in  C .  elegans (5 ,  7), 
suggesting that Bcl-2 is a mammalian ho- 
molog of CED-9. Another C .  elegans gene, 
ced-4, is required for developmental cell 
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death in  the  worm, and its overexpression 
can cause cells that normally survive to 
undergo P C D  (8, 9 ) .  Genetic experiments 
have indicated that ced-9 controls cell 
death by preventing the  activation of the  
death genes ced-3 and ced-4 (4 ,  9 )  and have 
suggested that ced-3 acts downstreatn of 
ced-4 and that ced-9 acts upstream of ced-4 
(4 ,  9) .  Consistent with this, Bcl-2 and Bcl- 
x, can inhibit the  activation of ICE-like 
proteases and therefore appear to function 
upstream of the  death proteases in the  
mammalian apoptotic pathway (10).  

T o  search for proteins that bind to  CED- 
4, we screened a C. elegans cDNA library 
for CED-4-interacting proteins by using 
GAL4-CED-4s as a "bait" in the  yeast 
two-hybrid assay (1 1) .  In  a screen of 2 x 
1C6 library clones, four cDNAs were found 
to  interact with the  GAL4-CED-4 but not 
with control baits. O n e  of the  CED-4- 
interacting cDNAs encoded the  entire 
CED-9 coding region fused in-frame to the  
GAL4 t r ansc r~p t~ona l  activation domain. 
T h e  association of CED-4 with CED-9 was 
specific in  that CED-4 was unable to  inter- 
act with empty vector or several plastnids 
encoding irrelevant baits (Fig. 1 A )  (1 2) .  T o  
further characterize the  CED-4-CED-9 in- 
teractlon, we determined the  ab111ty of 
CED-4 to  associate w ~ t h  three natural 
CED-9 tnutants (Flg. I A ) .  I n  the  yeast two- 
h y b r ~ d  system, CED-4 ~nteracted 1~1 th  the  

1126 SCIENCE 



wild type and a gain-of-function CED-9 
mutant but not with two loss-of-function 
mutants (Fig. 1B). These results indicate 
that the protective activity of CED-9 cor- 
relates with its ability to interact with 
CED-4 and strongly suggest that a physical 
interaction of CED-9 with CED-4 is critical 
for the regulation of PCD in C. elegans. 

The interaction of CED-4 with CED-9 
could not be assessed in C. elegans cells in 
culture, because no such cells are currently 
available. To verify that CED-4 associates 
with CED-9 in vivo, we transiently cotrans- 
fected a 293T human kidney cell line with 
expression plasmids producing a Myc 
epitope- tagged CED-4 and hemagglutinin 
(HA)- tagged CED-9 protein (1 3). Immu- 
noprecipitates were prepared with rabbit 
antibody to Myc (anti-Myc) and subjected 
to SDS-polyacrylamide gel electrophoresis 
(PAGE). Immunoblotting with a monoclo- 
nal antibody to HA (anti-HA) revealed 
that CED-9 was coimmunoprecipitated spe- 
cifically with CED-4 (Fig. 2A). Control 
immunoblotting with anti-HA and anti- 
Myc confirmed that CED-9 and CED-4 
proteins were expressed in total lysates of 
cells transfected with the corresponding 
plasmids but not in cells transfected with 
control plasmids (Fig. 2A). To further ver- 
ify the interaction, we performed reciprocal 
experiments with anti-HA to immunopre- 
cipitate CED-9, followed by immunoblot- 
ting with rabbit anti-Myc. In agreement 
with the reverse experiment, CED-4 coim- 
munoprecipitated specifically with CED-9 
(Fig. 2B). The CED-9 protein contains a con- 
served COOH-terminal hydrophobic tail that 
may serve as an anchoring domain to intra- 
cellular membranes (5). We engineered a mu- 
tant form of CED-9 with a deletion of the 
COOH- hydrophobic domain (CED-9ATM) 
to determine if the putative membrane an- 
choring region is required for CED-9 to local- 
ize to intracellular membranes in mammalian 
cells (13). Immunoprecipitation analysis re- 
vealed that the CED-9ATM mutant protein 
retained its ability to associate with CED-4, 
indicating that the COOH- hydrophobic do- 
main of CED-9 is not required for the inter- 
action with CED-4 (Fig. 2B). In addition, 
CED-4 was specifically coimmunoprecipitated 
with Bcl-xL, a mammalian homolog of CED-9 
(Fig. 2C) but not with Bcl-x,, a mutant form 
of Bcl-xL lacking an internal region of 62 
amino acids that contain the conserved Bcl-2 
homology region 1 (BH1) and BH2 domains 
(Fig. 2D) (1 3). 

To assess the subcellular localization of 
wild-type CED-9, we transfected an HA- 
ced-9 expression plasmid into 293T cells 
and determined the labeling pattern of 
CED-9 by immunostaining and confocal 
microscopy (15). Analysis of labeled cells 
revealed that HA-CED-9 displayed a com- 

pact, granular, and extranuclear staining 
pattern consistent with a localization con- 
fined to membranes of intracellular or- 
ganelles and the perinuclear region (Fig. 
3A). In contrast, the labeling pattern of the 
CED-9ATM mutant was diffise and cyto- 
plasmic, which is consistent with a cytosolic 
localization (Fig. 3B). Analysis of cells 
transfected with a Myc-CED-4 construct 
with anti-Myc revealed a cytoplasmic label- 
ing pattern that was distinct from wild-type 
CED-9 but similar to that of the CED- 
9ATM mutant (Fig. 3C). Transfection with 
a control GATA-1 expression plasmid re- 

vealed a nuclear labeling pattern as expect- 
ed for a nuclear factor (Fig. 3F). Significant- 
ly, coexpression of CED-9 with CED-4 
strongly altered the distribution of CED-4 
to a compact granular, perinuclear pattern 
similar to that observed for CED-9 (com- 
pare panels C and D in Fig. 3). The change 
in subcellular localization of CED-4 in- 
duced by coexpression with CED-9 was spe- 
cific in that it was not observed by cotrans- 
fection with an expression plasmid that en- 
codes the nuclear GATA-1 (16). The la- 
beling pattern of CED-4 was not affected by 
coexpression of the CED-9ATM mutant 

Fig. 1. lnteraction of CED-4 with wild-type A BH4 BH1 BH2 TM 
CED-9 and CED-9 mutants in yeast. (A) Sche- 7 9 1 0 0  1 5 9 1 7 9  2 1 3 2 2 8 2 4 9 2 8 0  

matic representation of wild-type and mutant I !ll'Tl!lll 
CED-9 proteins. BH1, BH2, and BH4 boxes de- 
pict consewed regions shared with Bcl-2 family 

t 
046 

i i  " ' t 
0160 G169E ATM 

ln2812 n2077l n1950 members. TM represents the consewed Stop Stop 
COOH-terminal hydrophobic tail. The position of a 
point mutations ih n2077 and n2812 (loss-of- 
function) as well asn1950 (gain-of-function) mu- 
tations of ced-9 are shown (5). Q indicates Gln 
residues. G169E represents Gly16$ + GIu16$. 
ATM represents an engineered CED-9 mutation 
lacking residues 250 through 280. (B) Interac- 
tion of CED-4 with wild-type and mutant CED-9 
proteins. A plasmid expressing CED-4 fused to 
the GAL4 DNA-binding domain was cotrans- 
fected with plasmids encoding wild-type CED- 
9, CED-9 mutants, wild-type CED-4, or empty vector sequences fused to a GAL4 transcriptional 
activation domain. Growth of yeast in the absence of leucine, tryptophan, and histidine is indicative of 
protein-protein interaction. Growth in the absence of leucine and tryptophan is shown as a control. The 
results are representative of three independent experiments. 
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Bcl-x proteins in mammali- r + + + - -  Vector + + . + - - - - 
an cells. (A) 293T cells (5 x 66 - - MYC- 
lo6 per 100-mm plate) CED-4 

were transiently trans- - HA-CEO-9 4 6  - 
fected with 2.5 pg of the IP: HA Ab Control 
indicated Myc- or HA- 64 - 0 -  MYC-CED-4 

tagged expression plas- 32  - - HA-CEO-9 

mids or empty vector. In 
the case of transfection c D P. $ p0+a 
with a single plasmid, cells IP: ~ y c  ~b Control ,,: &$+Ye + S  
were cotransfected with Flag-B~1-x~ HA-ced-9 - - - - . +  

2.5 pg of empty vector so Myc;","ii HA-Bcl-x, . . + + . . 
Flag-Bcl-x, + + - - - - 

that the total amount of . - ia MYC-ced-4 + + + + + + 

transfected plasmid DNA Myc-CEO-4 - - -66 
was always 5 pg. Lysates 
were immunoprecipitated -FLAG-BCL-X, 

with rabbit anti-Myc or nor- D- FLAG-BCL-xL - 
ma1 rabbit serum. Immuno- 6&- - --Myc-CED-4 FLAG.E,- -x, HA Prl-xs HA-CEO-9 

precipitates were immuno- 
To!al I:saie Total lvsate 

blotted with mouse anti-HA 
to detect the HA-CED-9 protein. In the lower two panels, aliquots of total protein lysates were immuno- 
blotted with anti-Myc or anti-HA. Molecular size markers are indicated in kilodaltons. (B) Anti-HA or isotype 
control immunoprecipitates were immunoblotted with anti-Myc to detect Myc-tagged CED-4. The amount 
of plasmid DNA and number of transfected cells were identical to that described for (A). (C) Anti-Myc or 
control immunoprecipitates were blotted with anti-FLAG. In the lower two panels, aliquots of total protein 
lysates were immunoblotted with anti-FLAG or anti-Myc(D) Anti-FLAG, anti-HA, or control immunopre- 
cipitates were blotted with anti-Myc. In the lower panel, aliquots of total protein lysates were immuno- 
blotted with anti-FLAG (to detect Bcl-xJ or anti-HA (to detect Bcl-x, or CED-9). The results are repre- 
sentative of three independent experiments. 
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(Fig. 3E), indicating that the membrane- 
anchoring domain is required for CED-9 to 
alter the subcellular localization of CED-4. 

We performed subcellular fractionation 
of protein lysates in which cytosolic and 
membrane fractions were prepared and an- 
alyzed by immunoblotting for the presence 
of CED-4 and CED-9 proteins (1 7). Anal- 
ysis of cellular lysates revealed that the 
majority of CED-9 was contained within 
the membrane fraction, whereas the CED- 
9ATM mutant protein was located mainly 
in the cytosolic fraction (Fig. 4A). Similar 
subcellular localizations have been report- 
ed, respectively, for the CED-9 mammalian 
homolog Bcl-2 and its ATM mutant (18). 
In contrast to CED-9, the CED-4 protein 
resided mostly in the cytosolic fraction (Fig. 
4B). Significantly, a large fraction of the 
CED-4 protein was directed to the mem- 
brane fraction in 293T cells cotransfected 
with ced-4 and ced-9 expression plasmids 
(Fig. 4B). However, the cytosolic distribu- 
tion of CED-4 was largely unaffected in 
cells that expressed the ATM mutant form 
of CED-9 (Fig. 4C), which is consistent 
with the confocal analysis shown in Fig. 3. 
These results indicate that CED-9 requires 
its conserved COOH-terminal hydrophobic 
region for both attachment to intracellular 
membranes and targeting of CED-4 to in- 
tracellular membranes in mammalian cells. 

Fig. 3. Subcellular localiza- 
tion of CED-9 and CED-4 
proteins in 293T cells. Cells 
were transiently transfected 
with expression plasmids 
encoding HA-CED-9 (A), 
HA-CED-9ATM mutant (B), 
Myc-CED-4 (C), HA-CED-9 
plus Myc-CED-4 (D), Myc- 
CED-4 plus HA-CED-9ATM 
mutant (E), or FLAG- 
GATA-1 as a control (F). 
Shown are confocal images 

Genetic studies have shown that ced-9 
controls cell death by preventing the acti- 
vation of the death genes ced-3 and ced-4 (4, 
9). Two forms of ced-4--ced-4S and ced- 
4L-that exhibit different functions have 
been identified (19). Here, we studied ced- 
4S, the most abundant form of ced-4 ex- 
pressed in C. ekgam cells (19). Our studies 
showed that CED-4 and CED-9 proteins 
interact in yeast and mammalian cells and 
presumably in C. ekgam cells. Thus, we 
propose that CED-9 regulates cell death at 
least in part by binding and inactivating 
CED-4. This could be accomplished by se- 
questering CED-4 from its otherwise cytoso- 
lic distribution to specific intracellular 
membrane sites. The removal of cytosolic 
CED-4 could result in the reduced ability of 
CED-4 to activate downstream effector mol- 
ecules such as CED-3, thereby promoting 
cell survival. This model is most consistent 
with genetic analysis in C. ekgam, where it 
has been shown that ced-9 inhibits ced-3 
activity at least in part through ced-4 (9). 
We have shown that CED-4 interacts with 
Bcl-xL, a mammalian CED-9 homolog. 
These results would predict that the mam- 
malian CED-9 homologs Bcl-2 and Bcl-xL 
will regulate cell death at least in part by 
interacting with a mammalian CED-4 coun- 
terpart. The membrane localization of 
CED-9 may be important for the regulation 

after labeling with anti-HA 
(A, B), anti-Myc (C, D, E) or anti-FLAG (F). Arrowheads, perinuclear region. N, nucleus. Scale bar, 10 p,m. 
Labeling with control IgG was negative in all cases. The results are representative of at least two 
independent experiments. 

Fig. 4. Subcellular frac- A B 
tionation of 293T cells 
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... 

plasmids. ~ytosolic (C) CED-4 

membrane (M) pro- 30-P -HA-CEO- 46--- -- - -46 
93TM CED-4 Control ced-4 cec-4 ced-4 Control tein fractions were ana- CIM +~ed-9 +ced-93 TM - ... - - ~ ~ ~ 

lyzed for CED-9 or distribution : 6:l 1:2 3:l 

CED-4 protein expres- 
sion by immunoblotting using monoclonal anti-HA or polyclonal anti-Myc. Protein lysates from an equal 
number of cells were loaded in the C and M lanes. (A) Cells were transfected with an HA-ced-9 plasmid 
(top panel) or an HA-ced-9 mutant plasmid (ATM). Molecular size markers are indicated in kilodaltons. 
(B) Cells were transfected with empty vector (control), Myc-ced-4, or Myc-ced-4 plus HA-ced-9. (C) 
Cells were transfected with Myc-ced-4 plus HA-ced-9ATM or control plasmids. The relative ratio of 
CED-4 in the cytosolic or membrane fractions was quantitated by densitometry analysis of the corre- 
sponding bands. The results are representative of three independent experiments. 

of CED-4 activity, because Bcl-2 mutants 
lacking the COOH-terminal membrane-an- " 
choring tail exhibit a greatly reduced anti- 
apoptotic activity when compared with 
wild-type Bcl-2 (20). Bcl-2 associates with 
and targets the cytosolic protein kinase 
Raf-1 to mitochondria1 membranes (21 ). 
Unlike the pro-apoptotic CED-4, Raf-1 
functions to improve Bcl-2-mediated resis- 
tance to apoptosis, perhaps indicating that 
the Bcl-2 family may play a more general 
role in the targeting or sequestration of spe- 
cific apoptotic regulatory proteins to intra- 
cellular membranes. 
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Prevention of Apoptosis by Bcl-2: Release of say in which cytosol from normally growing 

Cytochrome c from Mitochondria Blocked 
cells induces the activation of CPP32 and 
fragmentation of DNA after incubation 
wit\ deoxyadenosine triphosphate (dATP) 

Jie Yang, Xuesong Liu,* Kapil Bhalla, Caryn Naekyung Kim, (14). Fractionation of this cytosol prepara- 
Aria Maria Ibrado, Jiyang Cai, Tsung-1 Peng, Dean P. Jones, tion revealed that cytochrome c, which was 

Xiaodong Wang*? released into the cytosol during hoinogeni- 
zation, is reauired for activation of CPP32 
and DNA fragmentation (14). We also ob- 

Bcl-2 is an integral membrane protein located mainly on the outer membrane of mito- 
chondria. Overexpression of Bcl-2 prevents cells from undergoing apoptosis in response 
to avariety of stimuli. Cytosolic cytochrome c is necessary for the initiation of the apoptotic 
program, suggesting a possible connection between Bcl-2 and cytochrome c, which is 
normally located in the mitochondria1 intermembrane space. Cells undergoing apoptosis 
were found to have an elevation of cytochrome c in the cytosol and a corresponding 
decrease in the mitochondria. Overexpression of Bcl-2 prevented the efflux of cytochrome 
c from the mitochondria and the initiation of apoptosis. Thus, one possible role of Bcl-2 
in prevention of apoptosis is to block cytochrome c release from mitochondria. 

G e n e t i c  studies of programmed cell death 
in Caenorhabditis elevans have identified two " 
genes, ced-9 and ced-3, that play important 
roles in regulating and executing apoptosis 
(1).  ced-9 and its mammalian counterpart 
bcl-2 prevent cells from undergoing apopto- 
sis (2 ,  3) .  ced-3, which encodes a protease of 
the interleukin-1 @-converting enzyme 
(ICE), or caspase-1, family, is required for 
apoptosis (4 ,  5).  The matntnalian protein 
CPP32 (caspase-3) shares sequence similar- 

J. Yang, X. L I ~ ,  C. N, Kim, J, Ca ,  D. P, Jones, X. Wang, 
Department of Bochemstry, Emory Unversty School of 
Medcne, Atlanta, GA 30322, USA. 
K. Bhala and A. brado, D ~ v ~ s o n  of Hematology-Oncoo- 
gy, Department of Med~cne. Winship Cancer Center, 
Emoy Unversty School of Medcine, Atlanta, GA 30322, 
USA. 
T .  Peng, Depariment of Neurology, Emory Un~vers~ty 
School of Medicne. Atlanta, GA 30322, USA 

ity and substrate specificity with CED-3 
(6). 

CPP32 is a cytosolic protein that nor- 
mally exists as a 32-kD inactive precursor. It 
is cleaved pro te~ ly t ica l l~  into a 2Q-kD and a 
1Q-kD active heteroditner in cells undergo- 
ing apoptosis (7).  Activated CPP32 cleaves 
poly(adenosine diphosphate-ribose) poly- 
merase (PARP) (7) ,  sterol regulatory ele- 
ment-binding proteins (8), and several 
other cellular proteins (9).  Bcl-2, which 
seetns to work upstream of CPP32, prevents 
activation of CPP32 in response to stauro- 
sporine and other agents that cause apopto- 
sis (10). The mechanism by which Bcl-2 
regulates apoptosis is unknown; however, 
the location of Bcl-2 on the outer mem- 
brane of mitochondria raises the possibility 
that its f ~ ~ n c t i o n  mav be related to the 

served a marked increase of cytochrorne c in 
the cytosol of cells undergoing apoptosis 
induced by staurosporine, a broad-range 
protein kinase inhibitor that induces apo- 
ptosis in a variety of cell types (14). 

Cytochroine c is encoded by a nuclear 
gene and translated by cytosolic ribosotnes 
as apopcytochro~ne c (1 5) .  Apocytochrome 
c is subseauentlv translocated into the mi- 
tochondria wheie a heme group is attached 
covalently to form holocytochrome c (15). 
The Increase in cytosol~c holocytochrome c 
upon apoptosis suggests that mitochondria 
may participate in apoptosis by releasing 
cytochrome c. This observation raises the 
~ossibilitv that Bcl-2, located on  the outer 
kelnbrane of mitochondria, may prevent 
cell death by blocking the release of cyto- 
chrome c. We tested this ~ossibilitv in the 
following experiments. 

Human acute ~nveloid leukemia IHL- 
6Q) cells were transfkcted with a retroviral 
vector containing a neo~nycin resistance 
gene (neo cells), or the same vector con- 
taining a cDNA encoding human Bcl-2 
(Bcl-2 cells). The latter cells, which over- 
express ~ ~ 1 1 2 ,  resist apoptosis induced by 
clinically used anticancer drugs such as ar- 
abinosylcytosine (Ara-c ) ,  etoposide, and 
mitoxantrone hydrochloride ( 16). We iso- 
lated the mitochondria and cvtosol frotn 

mPresent Depariment Of B1Ochemlstry' Unlversl- function of mitochondria, which have been the two cell lines by differential'centrifuga- 
ty of Texas Southwestern Medca  Center at Dallas, Da-  
as, TX 75235, USA. implicated in apoptosis (1 1-13). tion (1 7 )  and confirmed overexpression of- 
-?To whom correspondence should be addressed. We previously developed an in vitro as- Bcl-2 on  the mitochondria by protein im- 
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