
termned n total ysates by ~mmunoblott~ng (23). For 
~mmunoprec~p~tat~ons. cells were ysed n Nondet 
P-40 sotonc y s s  buffer (23) at 24 hours after trans- 
fection, and soluble ysates were Incubated w ~ t h  e -  
ther l pg /m anti-HA (clone 12CA5, Boehr~nger 
Mannhem); 1 kg /m  rabbt ant-Myc (Santa Cruz), an- 
tFLAG (clone M2, Scentif~c magng Systems), or 
sotype-matched mouse IgG (ant-HA control); or nor- 
mal rabb~t serum (antMyc control) overnght at 4°C. 
Proten A-Sepharose 4 8  (Zymed Laboratores) was 
added [5% (vfv)] for an addtona hour of ncubaton 
by rotaton. Immune complexes were centr~fuged and 
washed w~ th  excess cold Nondet P-40 sotonc y s ~ s  
buffer at least four tmes, separated on a 15% SDS- 
polyacrylam~de gel, and mmunobotted w~ th  rabb~t 
ant-Myc, ant-HA or ant-FLAG. The protens were 
detected w~th  an ECL system (Amersham). 

14. L. H. Bose et a/. , Cell 74. 597 (1 993). 
15. 293T cells were transfected with pcDNA3-HA-ced-9. 

pcDNA3-HA-ced-91TM, pcDNA3-Myc-ced-4S, or 
pcDNA3-Flag-gata-7 as descrbed (73). At 24 hours 
after transfecton, cells were Incubated w~ th  ant-HA, 
anti-Myc (clone 9E10, Santa Cruz), anti-FLAG, or 
control mouse IgG for 1 hour at 23"C, and the a b e n g  
was vsuazed w~th fluoresce~n-conjugated goat anti- 
mouse IgG. After washng, the cells were mounted In 

Sowfade (Molecular Probes) and examned w~th a 
BIO-Rad MRC 600 scannlng confocal microscope 
equpped w~ th  an argon-xenon laser (24) 

16. D. Wu and G. Nutier, unpubshed results. 
17. 293T cells (1 0') were transenty transfected w~ th  the 

ndcated expresson pasmds (10 kg).  The cells 
were washed twce w~ th  phosphate-buffered sane  
and then Incubated for 10 m n  In 1 m of cold hypo- 
tonc buffer contanng 1 mM phenylmethylsulfonyl 
fluoride, 1 k g  antpan, and eupeptn (0 3 kgfml) as 
descrbed (25). The swollen cells were ysed by 15 
strokes In a tght - f~ t tng Douncer homogenzer, and 
the samples were centrfuged at 1000g for 6 m n  to 
remove nuce .  The resutng supernatant was centrl- 
fuged for 1 hour at 100,000g. The supernatant por- 
t on  of the latter centr~fugaton was the soluble cyto- 
s o c  (C) fract~on: the pellet was the membrane and 
cytopasmc organelle (M) fracton. The protens from 
the C and M fractons were dissolved In 1 m of ysis 
buffer, and samples of equal sze were analyzed by 
~mmunoblott~ng. 

18. M. Nguyen, D. G. M a r .  V W. Yong, S. J. Kors- 
meyer, G. C. Shore, J. 5/01, Chem. 268. 25265 
(1993); S. Tanaka, K. Sa~to, J. C. Reed, /b/d.. p.  
10920. 

19 S. Shaham and H. R. Horv~tz, Cell 86, 201 (1996). 

20. D. M. Hockenber~], Z. N. Oltva, X,-M, Yln, C. T. 
M lman .  S. J. Korsmeyer. /bid. 75, 241 (1993); M. 
Nguyen et a/. , J. 5/01. Chem. 269, 16521 (1 994). 

21. H.-G. Wang, U. R. Rapp, J. C. Reed, Cell 87, 629 
( I  996). 

22. S. Felds and 0 .  Song, A!ature 340, 245 (1989). 
23. P. L. Smonan, D. A. M. G r o t ,  R Merno, G, Nutiez, 

J. 6/01, Chem. 271 . 22764 (1 996) 
24 M. Gonzaez-Garca et a/. , Development 120, 3033 

(1 994). 
25, Z. Chen-Le\q, J. Nourse, M L. Cleay, Mol. Cell. 

Biol. 9, 701 (1989) 
26. We thank R. Hon~~ tz  for pasmds and R. Barstead for 

the two-hybrid C, elegans cDNA Ibra~];  C. Edwards 
and B. Donohoe for expert adv~ce n confocal ml- 
croscopy; M. Clarke and R. Ells for stimuatng ds -  
cusslons; and M. Bened~ct, P. S~mon~an. D. 
Ekhterae, M. Gonzalez-Garcia, Y. Hu, and N, no -  
hara for c r ~ t c a  revew of the manuscript. Supported 
In part by NIH grant CA-64556, lmmunopathology 
NIH predoctoral t ra~n~ng grant T32A107413-03 
(H.D.W.), and an N H  Research Career Development 
Award (G.N.). 

11 December 1996; accepted 22 January 1997 

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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munoblot analysis using an antibody to 
Bcl-2 (Fig. 1A). Next, we treated cells from 
the two lines with 1 pM staurosporine for 
various lengths of time (18). Treatment of 
the control neo cells with staurosporine re- 
sulted in the activation of CPP32 in the 
cytosol, as indicated by the cleavage of 
PARP (Fig. lB), whereas no PARP cleav- 
age was detected in the cytosol of Bcl-2 
cells. We then measured cytochrome c in 
the mitochondria (Fig. 1C) and cytosol 
(Fig. ID) by protein immunoblot analysis. 
Without staurosporine treatment, most of 
the detectable cytochrome c in both cell 
lines was in the mitochondria. Cytochrome 
c in the cytosol of neo cells increased sig- 
nificantly after 1 hour of treatment with 
staurosporine, and it continued to increase 
for another 3 hours. The amount of cvto- 
chrome c in mitochondria showed a corre- 
sponding decrease, and cytochrome c be- 
came almost undetectable by the end of 4 
hours of stauros~orine treatment. In con- 
trast, there was little change in cytochrome 
c in either the cytosol or mitochondria in 
the cells overexpressing Bcl-2. 

Fig. 1. lnduction of cytochrome c release from the 
mitochondria to the cytosol by staurosporine. (A) 
Protein immunoblot analysis of Bcl-2 expression 
in mitochondria from HL-60 neo and Bcl-2 cells. 
Samples (25 yg) of mitochondria from neo and 
Bcl-2 cells were subjected to 15% SDSpoly- 
acrylamide gel electrophoresis (PAGE) and trans- 
ferred to a nitrocellulose filter. The filter was 
probed by an antibody to Bcl-2 (Santa Cruz), and 
the antigen-antibody complex was visualized by 
an enhanced chemiluminesence method (10). (8) 
Cleavage of in vitro-translated, 35S-labeled hu- 
man PARP by S-100 fractions from neo and Bcl-2 
cells treated with staurosporine for the indicated 
amount of time. Human PARP was in vitro-trans- 
lated and labeled with 35S as described (10). 
S-100 fractions (5 yg) were incubated with trans- 
lated PARP (5 PI) at 30°C for 5 min. The samples 
were subjected to 12% SDS-PAGE and trans- 
ferred to a nitrocellulose filter. The filter was ex- 
posed to an x-ray film (Kodak) for 4 hours at room 
temperature. (C) lmmunoblot analysis of cyto- 
chrome c in mitochondria isolated from neo and 
Bcl-2 cells treated with staurosporine for the 
amount of time indicated in (B). (D) lmmunoblot 
analysis of cytochrome c in S-100 (cytosolic) frac- 

Mitochondrial membrane depolarization 
is an early event of apoptosis, and overex- 
pression of Bcl-2 prevents it (13, 19). To 
see whether the release of cvtochrome c 
from mitochondria is a consequence of de- 
polarization, we treated samples of cells 
with staurosporine for various lengths of 
time and measured their mitochondrial 
membrane potential by staining with rho- 
damine 123 (20), a cationic fluorophore 
taken up by mitochondria as a result of their 
membrane potential. The rhodamine 123 
uptake was visualized by laser scan confocal 
microscopy (19) (Fig. 1E). The neo cells 
treated with staurosporine for 2 hours (Fig. 
lE, image c) and 4 hours (Fig. lE, image d) 
showed no loss of mitochondrial membrane 
potential, but most mitochondrial cyto- 
chrome c had been released bv 2 hours of 
treatment and was undetectable after 4 
hours. The mitochondrial membrane DO- 

tential of neo cells was eventually lost after 
12 hours of staurosporine treatment (Fig. 
lE, image e). Bcl-2 cells showed little 
change of mitochondrial membrane poten- 
tial after 2,4, and 12 hours of staurosporine 

tions isolated from neo and Bcl-2 cells treated 
with staurosporine for the amount of time indicat- 
ed in (B). Samples (25 pg) of mitochondria and the 
5-1 00 fraction from each time point were used for 
immunoblot analysis of cytochrome c as de- 
scribed in (10). (E) Mitochondrial membrane po- 
tential of staurosporine-treated neo and Bcl-2 
cells were measured by rhodamine 123 staining 
and visualized by laser scan confocal microscopy 
(29). Image a, neo cell without staurosporine treat- 
ment; image b, neo cell treated with carbonyl cyanide m-chlorophenylhydrazone for 10 min to disrupt 
their membrane potential; image c, neo cell treated with staurosporine for 2 hours; image d, neo cell 
treated with staurosporine for 4 hours; image e, neo cell treated with staurosporine for 12 hours; image 
f, Bcl-2 cell treated with staurosporine for 2 hours; image g, Bcl-2 cell treated with staurosporine for 4 
hours; image h, Bcl-2 cell treated with staurosporine for 12 hours. 

treatment (Fig. lE, images e, f, and g). This 
observation confirms the previous finding 
that Bcl-2 overexpression protects cells 
from losing their mitochondrial membrane 
potential (13, 19). The release of cyto- 
chrome c does. however. ~recede the loss of , . 
mitochondrial membrane potential. 

To test whether the release of cvto- 
chrome c into the cytosol is restricted to 
staurosporine-induced apoptosis, we tested 
another apoptosis-inducing reagent, etopo- 
side, a widely used anticancer agent (21). 
Etoposide stabilizes covalent complexes be- 
tween topoisomerase I1 and genomic DNA, 
resulting in DNA strand breaks (21 ). Bcl-2 
inhibits etoposide-induced apoptosis with- 
out affecting the DNA strand breaks (21). 
Treatment of neo cells with 50 pM etopo- 
side, a concentration that is attained clini- 
cally (21), resulted in the activation of 
caspases after about 3 hours, as indicated by 
the cleavage of PARP (Fig. 2A) and DNA 
fragmentation (Fig. 2C). Bcl-2 cells showed 
no activation of CPP32 or DNA fragmen- 
tation. Protein immunoblot analvsis of cv- 
tosol from etoposide-treated neo cells 
showed a significant increase of cytochrome 
c as early as 1 hour, and this persisted for a 
total of 4 hours (Fig. 2B). In Bcl-2 cells, no 
cytosolic cytochrome c was detected up to 3 
hours of etoposide treatment, but at 4 

Fig. 2. lnduction of cytochrome c release into the 
cytosol by etoposide. (A) Cleavage of in vitro- 
translated, 35S-labeled human PARP by 5-100 
fractions from neo and Bcl-2 cells treated with 50 
yM etoposide for the indicated amount of time. (B) 
lmmunoblot analysis of cytochrome c in the S-100 
fraction isolated from neo and Bcl-2 cells treated 
with etoposide for the time indicated in (A). (C) 
DNA fragmentation assay of neo and Bcl-2 cells 
treated with etoposide for the indicated amount of 
time. The DNA fragmentation assay was done as 
described (20). 
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hours, a small amount was observed. analysis (Fig. 3A). A reduction in sucrose 
These experiments show that cyto- concentration from 250 mM, in which the 

chrome c is released from mitochondria isolated mitochondria were originally resus- 
early in apoptosis before mitochondrial pended, to 150 mM and incubation at 30°C 
depolarization, activation of caspases, and resulted in the release of cytochrome c from 
DNA fragmentation. Overexpression of the mitochondria of the neo cells but not 
Bcl-2 Drevents the release of cvtochrome c from the Bcl-2 cells. Consistent with this 
from the mitochondria to the cytosol. 
Similar data were obtained with the cells 
overexpressing another member of the 
Bcl-2 family, Bcl-XL (22). 

The prevention of release of cytochrome 
c from mitochondria in cells overexpressing 
Bcl-2 was also apparent during in vitro in- 
cubation of mitochondria in hypotonic 
buffer (Fig. 3). We isolated mitochondria 
from large-scale cultures of neo and Bcl-2 
cells. Similar amounts of mitochondria from 
the two cell lines, as determined by protein 
concentration and confirmed by oligomy- 
cin-sensitive mitochondrial adenosine tri- 
phosphatase activity (23), were incubated 
in vitro with a buffer solution containing 
150 mM sucrose at 30°C for 1 hour. The 
mitochondria were then pelleted by centrif- 
ugation, and the presence of cytochrome c 
in the supernatants and mitochondrial pel- 
lets was detected by protein immunoblot 

finding, the mitochondrial pellet from the 
Bcl-2 cells retained much more cytochrome 
c than that of the neo cells after the same 
period of incubation. 

The S-100 fraction of cytosol prepared 
by Dounce homogenization of HeLa cells in 
a hypotonic buffer without sucrose contains 
cytochrome c released from mitochondria 
during homogenization (14) (Fig. 3A). The 
cytochrome c in the S-100 fraction can be 
immunodepleted with a monoclonal anti- 
body to cytochrome c [designated S-100 
(-cyt. c)] (Fig. 3A). The S-loo(-cyt. c) 
fraction lost its ability to initiate the apo- 
ptotic program on the addition of dATP, as 
measured by the cleavage of CPP32, and 
apoptotic activity was restored by the addi- 
tion of purified cytochrome c (Fig. 3B). 

This immunodepletion and reconstitu- 
tion system allowed us to test directly 
whether mitochondria trigger the cytosolic 

Fig. 3. In vitro reconsti- A B n v 
tution of the CPP32 acti- 4 .  

U - 
Mit. MR. gF 

vation reaction by pro- % - 5 pellet sup. 
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teins released from mito- 7 -- s 5 
chondria. (A) Protein im- z z 0- Q O  0- 0 0  o u S1 OO(-cyt. c) - 
munoblot analysis of * * * - $5 , , 
cytochrome c from Sam- A-1. 01 0 L 0 0 

c x  8 8 8  ?m" ? B  ? ?  
ples (25 pg) of the S-100 z z ' Mitochondria ' 
fraction from HeLa cells 
(S-1 OO), the S-100 frac- - -  I 

CPP32 - Drecursor 
tion immunodepleted of 
cytochrome c IS-100 1- 

, . - - - 
3 Activated 

CPP32 
(-&t. c)], or the supema- I I 
tants (sup.) and pellets of 
mitochondria (Mit.) (1 0 pg) from neo or Bcl-2 cells incubated at 30°C for 1 hour with 150 mM sucrose 
and then centrifuged. X denotes a cross-reacting protein with this antibody. (B) CPP32 activation 
reactions were carried out by incubating samples (3 pl) of in vitro-translated and affinity-purified CPP32 
(70) with HeLa S-100 fraction (S-1 OO), S-loo(-cyt. c), S-loo(-cyt. c) plus 0.2 pg of human cytochrome 
c [S-loo(-cyt, c) + cyt. c], the supernatants of the incubated mitochondria alone, the supernatants plus 
S-loo(-cyt. c), the supernatants supplemented with S-loo(-cyt, c) plus 0.5 pg of antibody to cyto- 
chrome c (anti-cyt. c) (IgG2A), or 0.5 pg of control IgG2A (control Ab) (antibody to SLA, major histo- 
compatibility complex class I ,  American Type Culture Collection CRL-1945) in addition to 1 mM MgCI, 
and 1 mM dATP in 25 ml of buffer A. After incubation at 30°C for 1 hour, the samples were subjected to 
15% SDS-PAGE and transferred to nitrocellulose filters. The filters were exposed to x-ray film (Kodak) for 
4 hours at room temperature. 

Fig. 4. Reconstitution of CPP32 activation 

was purified further through a Mono S col- 
umn, and the heme group of cytochrome c -dlodo-ami + CPP32 

was removed as described (24). The apo- 
cytochrome c and cytochrome c were di- 
alyzed against buffer A before use. Sam- 
ples (25 pg) of HeLa S-100 fraction immu- 
nodepleted of cytochrome c were supple- 
mented with increasing amounts of apocytochrome c or cytochrome c as indicated and used for the 
CPP32 activation reaction as described in Fig. 3. 

precursor 

I Activated 
CPP32 

apoptotic program by releasing cytochrome 
c and whether overexpression of Bcl-2 
blocks this process. Mitochondria from neo 
and Bcl-2 cells were incubated in a low- 
sucrose buffer solution in vitro for 1 hour 
(Fig. 3B). The mitochondria were then pel- 
leted, and the resulting supernatants were 
incubated with immunodepleted HeLa cell 
S-loo(-cyt. c) fraction and 35S-labeled 
CPP32. The CPP32 was cleaved when the 
S-loo(-cyt. c) fraction was incubated with 
the supernatant from mitochondria of neo 
cells in the presence of dATP but not with 
that of Bcl-2 cells. The mitochondrial super- 
natants alone were not able to activate 
CPP32, which is consistent with our previ- 
ous finding that additional cytosolic factors 
are required for the dATP- and cytochrome 
c-dependent activation of CPP32 (1 4). Ac- 
tivation of CPP32 was prevented by the 
inclusion of a monoclonal antibody to cyto- 
chrome c [immunoglobulin G2A (IgGZA)], 
but not by a control monoclonal IgGZA, 
showing the specificity of cytochrome c in 
activating CPP32. 

Cytochrome c is translated by cytosolic 
ribosomes as apocytochrome c, and it is 
assembled in the mitochondria into holocy- 
tochrome c (15). We investigated which 
forms support apoptosis. We prepared apo- 
cytochrome c from bovine cytochrome c 
(24) and found that holocytochrome c, but 
not apocytochrome c, reconstituted the 
CPP32 activation activity with the S-100 
(-cyt. c) fraction (Fig. 4). This result is 
consistent with the idea that the release of 
cytochrome c from mitochondria, not the 
block of importation of cytochrome c, may 
lead to apoptosis. Taken together, these 
data support a model in which Bcl-2, locat- 
ed on the outer membrane of mitochondria, 
prevents the initiation of the cellular apop- 
totic program by preventing the release of 
cytochrome c from mitochondria. 

The mechanism by which cytochrome 
c is released from mitochondria remains to 
be determined. However, the release of 
cytochrome c from mitochondria seems to 
represent a pathway of apoptosis distinct 
in several ways from the one reported by 
Kroemer and co-workers who showed that 
a 50-kD protein, released from mitochon- 
dria upon mitochondrial depolarization, is 
able to induce chromatin condensation 
and DNA fragmentation when incubated 
with nuclei (19). First, cytochrome c re- 
lease precedes mitochondrial membrane 
depolarization (Fig. 1, C to E); second, 
cytosolic cytochrome c participates in acti- 
vating CPP32 (14), whereas the 50-kD mi- 
tochondrial factor directly induces apoptot- 
ic changes in the nuclei (19); and finally, 
activated CPP32 induces apoptotic changes 
in nuclei only in the presence of cytosol, 
and such changes can be blocked by the 

http://www.sciencemag.org SCIENCE VOL. 275 21 FE 



presence of a s~~bmicromolar concentration 
of CPP32-specific tetrapeptide inhibitor 
(25). O n  the other hand, the 5O-kD factor, 
once released from mitochondria upon de- 

functions without cytosol and 
is insensitive to the CPP32 inhibitor (1 3). 
Despite these differences, it is possible that 
these two pathways may work together to 
induce complete apoptosis, in which case 
Bcl-2 must block both path.rvays. 

Other factors that work together with 
cvtochrome c to activate CPP32 and subse- 
quent DNA fragmentation appear to be of 
cytosolic origin and present in similar 
amounts in the cytosol from both neo and 
Bcl-2 cells (26). The molecular identity of 
these factors remains to be determined. 

The mechanism by which Bcl-2 blocks the 
release of protein from ~nitochondria and the 
regulation of this process are topics of future 
study. Especially in the case of cytochrome c, 
the release appears to be independent of any 
noticeable structural changes in the mito- 
chondria. The recent determination of the 
nuclear magnetic resonance and crystal struc- 
ture of Bcl-x~ (27), and the de~nonstration of 
phospl~orylation of Bcl-2 and its pro-apoptot- 
ic family member BAD (28), may also shed 
some light on the function and regulation of " " 

this family of proteins. The arrangement of 
the a helices in Bcl-x~ is reminiscent of the 
membrane translocation domain of bacterial 
toxins, in particular, diphtheria toxin and co- 
licins. Inaslnuch as the di~htheria toxin trans- 
location domain is thought to form a mem- 
brane pore (27), the Bcl-2 family of proteins 
could also be Dart of a Dore structure that 
might control the release of cytochrome c. 
The pro- and anti-apoptotic regulation mech- 
anisms, such as the sequestration of phospho- 
rylated BAD in the cytosol or the association 
of Raf with Bcl-2 (28), might assert their 
influences on apoptosis by regulating the per- 
meability of such a pore. 
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The Release of Cytochrome c from 
Mitochondria: A Primary Site for 
Bcl-2 Regulation of Apoptosis 

Ruth M. Kluck, Ella Bossy-Wetzel, Douglas R. Green,* 
Donald D. Newmeyer*? 

In a cell-free apoptosis system, mitochondria spontaneously released cytochrome c, 
which activated DEVD-specific caspases, leading to fodrin cleavage and apoptotic 
nuclear morphology. Bcl-2 acted in situ on mitochondria to prevent the release of 
cytochrome c and thus caspase activation. During apoptosis in intact cells, cytochrome 
c translocation was similarly blocked by Bcl-2 but not by a caspase inhibitor, zVAD-fmk. 
In vitro, exogenous cytochrome c bypassed the inhibitory effect of Bcl-2. Cytochrome 
c release was unaccompanied by changes in mitochondria1 membrane potential. Thus, 
Bcl-2 acts to inhibit cytochrome c translocation, thereby blocking caspase activation and 
the apoptotic process. 

Bcl -2  and its relatives (for example, ~ c l - x ,  
E1B 19K, and CED-9) are potent inhibitors 
of apoptotic cell death (1-3). Bcl-2 is lo- 
cated predominantly in the outer mito- 
chondrial membrane, the endoplasmic re- 
ticulum, and the nuclear membrane (4-8), 
and it appears to prevent apoptosis a t  a 
point in the process upstream of the activa- 

tion of CED-3 family proteases such as 
caspase-3 (CPP32) (9-1 2) .  How Bcl-2 pre- 
vents protease activation is not known. 

W e  used a cell-free system based on X e -  
nopus egg extracts in which recombinant 
Bcl-2 prevents protease activation and sub- 
sequent apoptotic effects (13-1 6). This sys- 
tem is similar to other cell-free systems 
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