
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. 

REFERENCES AND NOTES 

1. M. 0. Hengartnerand R. H. Horv~tz, Philos Trans. R. 
Soc. London Ser. B 345, 243 (1 994). 

2. , Cell 76. 665 (1 994). 
3. J. C. Reed. J. Cell Biol 124 1 (1 994); S. Cob), Annu. 

Rev. lmmunob 1 3, 51 3 (1 995). 
4. J.-Y. Yuan and R. H. Horv~tz, Dev. Biol. 138 33 

(1990); J.-Y. Yuan, S. Shaham S. Ledoux, M. H. 
Ellis, R. H. Horvtz Cell 75, 641 (1993). 

5. E. S. Anemri etal., Cell 87, I71  (1996). 
6 D. Xue, S. Shaham, H. R. Horv~tz, Genes Dev. 10 

1073 (1 996). 
7. W. D. N~choson et a/.. Nature 376. 37 (1995): M. , , 

Tewari et a/., Cell 81, 801 (1 995). 
8. X. Wang etal., EMBO J .  15, 101 2 (1 996). 
9. L. Casclola-Rosen et a/., J. Exp Med. 183, 1957 

(1 996). 
10. A. M. Chlnnalyan et a/., J Biol. Chem. 271, 4573 

(1996). R.  C. Armstrong et a/. ibid., p. 16850. P. 
Erhardt and G. M. Cooper, ibd., p. 17601 

11. P. Monaghan et a/., J. Histochem. C,vfochem. 40, 
181 9 (1 992); S. Krajewskl et a/., Cancer Res. 53, 
4701 (1993) 

12. D. Newmeyer, D. Farschon, J. Reed, Cell 79, 353 
(1 994). 

13. N. Zamzam et a/., J. Exp. Med. 183, 1533 (1 996); P. 
Marchettl etal. Cancer Res. 56, 2033 (1996). 

14. X. LIU, C. N. Klm J. Yang, R. Jemmerson, X. Wang, 
Cell 86, 147 (1 996). 

15. D. H. Gonzales and W. Neupert, J. Bioenerg. Bio- 
membr. 22 753 (1 990). 

16. G. Bullock et a/., Leukemia 10 1731 (1 996). 
17. HL-60 cells overexpressng Bc-2 and the vector 

control cells were harvested by centr~fugat~on at 
600gfor 10 m n  at 4°C. The cell pellets were washed 
once wlth ~ce-cold phosphate-buffered salne (PBS) 
and resuspended w~th flve volumes of buffer A (20 
mM Hepes-KOH, pH 7.5, 10 mM KCI, 1.5 mM 
MgCl,, 1 mM sodum EDTA, 1 mM sodum EGTA, 1 
mM dlthlothreitol, and 0.1 mM phenylmethylsulfonyl 
fluorde) contanng 250 mM sucrose. The cells were 
homogenized wlth 10 strokes of a Teflon homoge- 
nlzer, and the homogenates were centrlfuged twce 
at 750g for 10 m n  at 4°C. Tne supernatants were 
centrlfuged at 10,000g for 15 mln at 4"C, and the 
resultng mitochondr~a pellets were resuspended In 
buffer A contanng 250 mM sucrose and frozen In 
multiple samples at -80°C. The supernatants of the 
10,000g spln were further centrlfuged at 100,000g 
for 1 hour at 4"C, and the resulting supernatants 
(designated S-100) were dvded Into samples and 
frozen at -80°C for further experiments. 

18. On day 0 the cells (-2.5 x I O%elIs/ml) were sus- 
pended in RPM 1640 medium supplemented with 
10% fetal bovlne serum, 1 mM sodlum pyruvate, 
penicln ( I  00 pg/ml), and streptomycn ( I  00 pg/ml) 
and incubated at 37'C In a 5% CO, ncubator. On 
day 2, cells were treated elther wlth staurosporine 
(added to a flna concentration of 1 pM) for 0 1, 2, 4, 
and 6 hours, or with etoposlde (added to a flnal 
concentration of 50 pM) for 0, 2, 3, and 4 hours. The 
5-100 supernatants and mitochondr~a from these 
treated cells were prepared as described in (7 7). 

19 S. A. Susln et a/., J. Exp. Med. 184, 1331 (1 996). 
20. J. J. Lemasters et a/,, Methods Toxicol 2, 404 

(1 993). 
21. P. J. O'D~wyer et a/., N. Engl J Med. 312, 692 

(1985) S. H. Kaufmann Cancer Res. 53, 4251 
(1 989) K. R. Hande et a/., ibid. 44 379 (1 985); S. 
Kamesak etal., /bid. 53, 4251 (1993). 

22. J. Yang, N. C. Klm, K Bhalla, X. Wang, unpubshed 
data. 

23. A. E. Senior and J, C. Brooks, Arch. Bioch Biophys. 
140, 257 (1970). 

24. R. W. Fisher, H. Tanuchi, B. C. Anfinsen, J Biol. 
Chem. 248, 3188 (1973). 

25. M Enarl, R. V. Talanian, W. W. Wong, S. Nagata, 
Nature 380 723 (1 996). 

26. X. Llu and X. Wang, unpublished data. 
27. S. W. Muchmore etal., Nature 381, 335 (I 996). 
28. J. Zha, H. Harada, E. Yang, J. Jocke, S. J. Kors- 

meyer, Cell87, 619 (1996); H. Wang, U R. Rapp, J. 
C. Reed, ib~d., p. 629. 

29, neo and Bcl-2 cells were set up and treated with 
staurosporne as described In (7 7). After centrifuga- 
tlon at 600g for 10 min at 4% the cell pellets were 
resuspended In PBS contalnlng 5 p M  rhodamne 
123 (Sgma) and Incubated at 37°C for 15 mn.  The 
cell suspension was centrifuged In a m~crocentr~fuge 
for 30 s and the pellet was resuspended ~n 20 p1 of 
PBS, plated onto a 25-mm round glass cover slip 
coated with poly-D-ysne, and mounted into a per- 
fuson chamber for confocal lmagng. The fluores- 
cence images were collected wth a Merldan Insght- 
Point Laser scannng confocal mcroscope (Merdan 
Instrument) equipped w~th a Zelss Axiopan mcro- 
scope. The objective lens was a IOOx numerical 
aperture 1 4 PlanApo lens. The aperture slze of the 
pinhole was 10 to 40 pm. Confocal optcal sectons 
were estmated to be less than 1 pm in thckness. 
Cells were excted w~th the 488-nm line of an argon 
laser, and emltted fluorescence was detected 
through a 530/30 band-pass flter wth an Intensified, 
cooled charge-coupled-devce camera. A typca cell 
from a population of -100 was presented. 

30. We thank R. Jemmerson of Universty of Minnesota 
for monoclonal antbody to cytochrome c; S. Mc- 
Knght, J. L. Goldstein, and M, S. Brown for critl- 
caly readng the manuscript; and T Greenamyer 
for help w~ th  confocal microscopy. Supported by 
the start-up fund from Emory University, an Amer- 
can Cancer Society research grant, and a Junor 
Faculty award (to X.W.). 

30 September 1996; accepted 3 January 1997 

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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based on cytosol derived from apoptotic 
cultured cells (14, 17-20), but with one 
important exception: the spontaneous apo- 
ptosis in the Xenopus system depends on the 
presence of a heavy membrane fraction en- 
riched in mitochondria (1 3). These or- . , 

ganelles, when incubated in Xenopus egg 
cytosol, generate a soluble proteinaceous 
factor that can induce apoptosis rapidly in 
mitochondria-free extracts (16). Cvto- . . 
chrome c was recently identified as such a 
factor-it is released from mitochondria in 
apoptotic cells and can trigger activation of 
DEVD-specific caspases (DEVDases) and 
apoptotic effects in cell-free systems con- 
taining cytosol (1 6, 21 ). 

We therefore examined the effect of ex- 
ogenous Bcl-2 on cytochrome c release. In- 
cubation of Xenopus egg mitochondria in 
the cell-free system resulted in the time- 
and temperature-dependent release of cyto- 
chrome c into the soluble fraction (Fig. 1, A 
and C). This release, which required the 
presence of cytosol(16), occurred after a lag 
period (-3 hours) corresponding to the 
time when DEVD-specific protease activity 
first appeared, which would be expected if 
cytochrome c is required for protease acti- 
vation. About 1 hour later, apoptotic fig- 
ures began to be observed in the added 
nuclei. Spectrophotometric analysis of the 
released cytochrome c (1 6) confirmed that 
it was the holoprotein, and because import 
into the mitochondria is required for the 
attachment of the heme group (22,23), our 
results support the idea that cytochrome c 
is actually released and not accumulated 
in the cytosol as a result of failed import. In 
addition, the presence of cycloheximide in 
our extracts precludes the synthesis of apo- 
cytochrome c, and immunoblotting con- 
firmed the near absence of cytochrome c in 
egg cytosol incubated alone (Fig. 1, A and 
C). 

When baculovirus-ex~ressed Bcl-2 was 
added to extracts containing mitochondria, 
cytochrome c release was blocked (Fig. 1B). 
Accompanying apoptotic features of nucle- 
ar disintegration (Fig. 1, B and D), protease 
activation (Fig. 1B) and the cleavage of 
fodrin (Fig. 1E) (24) were also prevented. 
The addition of control Sf9 cell lysate con- 
taining expressed P-galactosidase had no 
effect. Thus, Bcl-2 blocks apoptosis in the 
Xenopus system by inhibiting the release of 
cvtochrome c from mitochondria. 

We next examined whether the ability 
of Bcl-2 to block cytochrome c release in 
vitro could also be observed in cells. CEM 
cells were treated with different agents to 
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induce apoptosis, and the effects of ectopic 
expression of Bcl-2 on cytochrome c trans- 
location were assessed (Fig. 2). Several 
agents capable of eliciting apoptosis all in- 
duced the appearance of cytochrome c in 
cytosol (Fig. 2A). Expression of Bcl-2 in- 
hibited apoptosis and prevented the release 
of cytochrome c (Fig. 2B). The appearance 
of cytosolic cytochrome c was correlated 
with a loss of the proform of CPP32 and the 
appearance of protease activity, as deter- 
mined by the cleavage of fodrin (24). In 
contrast, the caspase inhibitor zVAD-fmk 

l Cgt c 

had no effect on the translocation of cyto- 
chrome c to the cytosol, although it was 
able to block apoptosis, the loss of 
proCPP32, and fodrin cleavage (Fig. 2C) as 
described (25). By confocal immunofluores- 
cence microscopy (26), cytochrome c dis- 
played a punctate localization in untreated 
HeLa cells, consistent with its location 
within mitochondria. After the induction 
of apoptosis by ultraviolet-B (UVB) irradi- 
ation, the immunostaining pattern became 
more diffuse, consistent with a transloca- 
tion of cytochrome c into the cytosol. This 

q~j& I%&+- ~ C ~ L C  E 
T? 1 

LL L Y 2: 
Fig. 1. Bcl-2 lnhlb~ts cyto- :f , - 7 e c  + + . - z z Z  
chrome c release from m~to- 2E % $ - - -  

i + + + +  
chondr~a and apoptotlc chang- o 

es ~n a cell-free system. (A) Im- 0 1 2 3 4 5 6  4 Fodrin 
munoblot analysis of the time- Time (h) 4 Cleavage 

dependent release of cyto- WUCI 

chrome c (Cyt. c) from mitochondria into the cytosol in the cell-free apoptosis system. M~tochondria- 
depleted Xenopus egg extract was reconstituted by the combination of cytosol, light membrane 
(predominantly endoplasmic reticulum and nuclear membrane precursor vesicles), and rat liver nuclei 
(13). [In all experiments, cytosol was supplemented with an adenosine triphosphate (ATP) regenerating 
system conssting of 10 mM phosphocreatine, 2 mM ATP, and creatine phosphokinase (150 mg/ml)]. 
Mitochondria (HM, 2% v/v) were added and the mixture incubated at 22°C. At the times indicated (~n  
hours), cytosolic cytochrome c content was analyzed after first pelleting the membranes (1 2,0009) and 
filtering the supernatant through 0.2-pm and then 0.1 -pm Ultrafree-MC filters (Millipore). The resulting 
cytosolic protein (1 0 pI. -300 pg of protein) was separated by SDS-polyacrylamide gel electrophoresis 
(PAGE) (12% gel) followed by transfer to polyvinylidene difluoride (PVDF) membrane. The blot was 
probed with a monoclonal antibody to horse cytochrome c peptide (7H8.2C12) used at a dilution of 
1 : 500. A secondary probe with horseradish peroxidase-labeled antibodies (Amersham) was detected 
by ECL (Amersham). DEVD-specific protease activation and nuclear apoptosis were assessed as 
described in (5). The asterisk indicates the onset of DEVD-specific protease activation, and the dagger 
indicates the onset of nuclear apoptosis and full protease activation. (BI Bcl-2 blocks apoptosis induced 
by the presence of HM. Extracts reconstituted with or without HM (~O/O v/v) were incubated (22°C) with 
or without lysate (1.8% v/v) from baculovirus-infected Sf9 cells expressing either Bcl-2 or p-galactosi- 
dase (p-gal) (13). At the indicated times, samples were assessed for percent intact rat liver nuclei (13) 
(top) and DEVD-specific protease activation (bottom). DEVD-specific protease was measured by incu- 
bating extract (2 pl) with z-DEVD-AFC (80 pM, Enzyme Systems Products, Dublin, California) in 100 ~1 of 
buffer A [250 mM sucrose, 20 mM Hepes-KOH, pH 7.5, 50 rnM KCI, 2.5 mM MgCI,. 1 mM dithiothreitol 
(DTT)]. At 15 min the reaction was stopped by the addition of l?h sodium acetate trihydrate in 175 mM 
acetic acid (50 pi) (50) and placed on ice. Fluorescence (400 to 505 nm) after the addition of water ( I  ml) 
was compared with a standard curve of 7-amino-4-trifluoromethyl-coumarin (AFC, Sigma). Panels (C). 
(D), and (Q and Fig. 3.  Aand B, also relate to this experiment, which is representative of three independent 
experiments. A similar activation of zWAD-AFC (Enzyme Systems Products) cleaving activity was not 
seen (26), arguing that DEVDase is more similar to caspase-3 (CPP32) than caspase-1 (ICE). (C) Bcl-2 
blocks cytochrome c release from mitochondria. Cytosolic cytochrome c content in end point (6 hours) 
extract samples from which HM had been removed was analyzed by protein immunoblot. A rabbit 
antiserum raised to bovine and tuna heart cytochrome c (Sigma) cross-reacted with Xenopus egg 
cytochrome c and was used (at 1 :500) as the primary antibody. (D) Apoptotic nuclear morphology is 
prevented by Bcl-2. Photomicrographs of Hoechst 33258-stained rat liver nuclei were taken at 6 hours. 
Chromatin condensation and nuclear fragmentation typical of apoptosis (bottom panel) is absent in rat 
liver nuclei incubated in extracts containing Bcl-2. The bar is 20 pm. (E) Fodrin cleavage induced by HM 
is prevented by Bcl-2. End point (6 hours) unfiltered extract samples (4 pI) were analyzed by immunoblot 
with a monoclonal antibody (Chemicon International, 1 : 1000) to fodrin (nonerythroid spectrin). 
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change in distribution was prevented by 
Bcl-2 expression, but not by treatment with 
zVAD-fmk. 

We next examined whether Bcl-2 might 
also inhibit the apoptosis-inducing effect of 
cytosolic cytochrome c. Xenopus egg ex- 
tracts depleted of mitochondria lack cyto- 
chrome c and fail to activate endogenous 
DEVDases; however, the addition of puri- 
fied cytochrome c causes rapid DEVDase 

activation, which in tum leads to down- 
stream apoptotic effects (16). Bcl-2 effec- 
tively inhibited mitochondria-dependent 
apoptosis (Fig. 3A) but could not block the 
activation of nuclear apoptosis (Fig. 3A), 
DEVDase (Fig. 3A), and fodrin cleavage 
(Fig. 3B) induced by exogenous cytochrome 
c. A careful titration showed that Bcl-2 
could not reverse the effects of cytochrome 
c at any concentration, either in the pres- 

- 
h 

Bcl-2. - + 
b Apop. 4 4 

- Cgi. or. - Cvt. ox. 
ProCPP32 II PmCPP7Z 

Fodnn -- 
Fig. 2. Bcl-2, but not zVAD-fmk, 
blocks cytochrorne c transloca- 
tion after apoptotic induction in 
cells. (A) Cytochrorne c translocation to the cytoplasm is induced by different apoptosis-inducing 
agents. CEM cells were treated as indicated with UVB (5 min), etoposide (100 pM), staurosporine 
(Stauro.. 1 pM), actinornycin D (ActD, 1 pM), or H,O, (400 pM) and cultured an additional 7 hours. 
Cytosolic extracts were then prepared and assessed for cytochrorne c (Cyt, c), cytochrome c oxidase 
subunit I I  (Cyt. ox.), or actin by imrnunoblot. Cyt. ox. serves as a marker of mitochondrial contamination 
of the extracts. Extracts were prepared as follows. Cells were washed in phosphate-buffered saline 
(PBS) and suspended in 500 pI of extraction buffer [220 mM rnannitol, 68 mM sucrose, 50 mM 
Pipes-KOH. pH 7.4.50 mM KCI, 5 mM EGTA, 2 mM MgCI,, 1 mM DTT, 10 pM cytochalasin B, 1 mM 
phenylmethylsulfonyl fluoride (PMSF), and protease inhibitors (Chocktail, Boehringer Mannheirn)]. After 
30 rnin on ice, cells were lysed with a glass Dounce homogenizer, with 40 strokes of the B pestle. After 
centrifugation at 14,000g for 15 min, 50 pg of cytosolic protein or 5 pg of a mouse liver mitochondrial 
fraction (Mt. Fract.) were separated by SDS-PAGE and transferred to a PVDF membrane (for cyto- 
chrome c or CPP32) or Hybond-ECL-nitrocellulose membrane (for other proteins). (B) Cytochrorne c 
translocation and apoptosis are inhibited in GEM cells by Bcl-2. CEM or CEM-Bcl-2 cells were treated 
with UVB (5 rnin) or staurosporine (500 nM), cultured an additional 6.5 hours, and cytosolic extracts 
assessed by immunoblot. (C) Apoptosis, but not cytochrome c translocation, is inhibited by zVAD-fmk. 
CEM cells were treated for 2 hours with 100 pM zVAD-fmk (Kamiya, Thousand Oaks, California), then 
treated with UVB (5 min) or staurosporine (1 pM) and cultured for 5 hours. Apoptosis was assayed in (A) 
to (C) by annexin-V-fluorescein isothiocyanate (FITC) staining as described (57). Arrows in (B) and (C) 
indicate cleavage products of fodrin. 

Fig. 3. Cytochrome c bypasses the in- 
hibitoly effect of Bcl-2 to induce apo- 
ptosis. (A) Cytochrome c rapidly in- 
duced nuclear apoptotic changes (top) 
and DEVD-specific protease activation 
(bottom) despite the presence of Bcl-2. 
Horse heart cytochrome c (0.05 p,M) 
was added to extracts containing Bcl-2 
at a concentration which was capable 4o 4 f ;. - -  --4 
of blockina HM-induced a ~ o ~ t o s i s  

Cleavsxe 
Product 

(Fig. 1). (~)kytochrome c-induced fo- 
drin cleavage, even in the presence of p 

Bcl-2. See Fig. 1 E for experimental de- - 
tails. (C) Bcl-2 did not reverse the ef- .g 4- 

fects of cytochrome c at any concen- F5 e- LL - 
tration. Horse heart cytochrome c was 10 ?f 
incubated in the presence of either zz 2- 
p-gal- or Bcl-2-containing Sf9 cell ly- !$g 
sate in a simplified extract mix of cy- Pa " s 

0.01 0.1 
tosol and HM (1% v/v). DEVD-speclc 85 . A [Cytochrome C] (PI 

protease activity measured at 1 hour 
0 1 2 3 4 5 6  

showed p-gal and Bcl-2 lysates to Time (h) 
have equivalent effects at all cyto- 
chrome c concentrations. Bcl-2 was added at a concentration shown to delay HM-induced protease 
activation by 2 hours (26). The data are mean and SEM of triplicates. The experiment is representative 
of two independent experiments. 

ence (Fig. 3C) or absence (26) of mito- 
chondrial membranes. 

These results showed that cytochrome c 
release from mitochondria is a critical step in 
the apoptotic process in this system and that 
Bcl-2 acts upstream of this event. It was still 
conceivable. however. that Bcl-2 acts on 
undefined cytoplasmic events leading to this 
release rather than on the mitochondrion 
itself. To address this possibility, we used a 
simplified cell-free system, consisting only of 
cytosol and the mitochondria-rich fraction 
(Fig. 4). Although this minimal system lacks 
endoplasmic reticulum (ER) and nuclei, it 
displays the same activation of endogenous 
DEVDase and fodrin cleavage seen in the 
complete extract (16). In this minimal sys- 
tem, as in the complete extracts, Bcl-2 
blocked the activation of DEVDase (Fig. 4, 
A and C).  To determine if this inhibition - -  - -  - , 

was due to mitochondrial association of Bcl- 
2. we first incubated mitochondria (HM) in 
the presence of baculovirus-expressed k l -2 .  
The organelles were then ~elleted and either - 
resuspended in fresh cytosol or put back in 
the cytosol from which they had just come. 
As shown in Fig. 4A, the mitochondria that 
had been incubated with Bcl-2 could not 
activate DEVD-specific protease activity 
when placed in fresh cytosol lacking Bcl-2 or 
in the original cytosol. In contrast, untreated 
heavy membranes were able to activate pro- 
tease when added to the cvtosol suDematant 
removed from the Bcl-2-treated heavy mem- 
branes. We conclude that, in this system, 
Bcl-2 acts in association with the mitochon- 
drial fraction. Again. Bcl-2 inhibited cvto- 
chrome c releasein all cases where protease 
activation was blocked (Fig. 4B). 

To examine whether Bcl-2 acts directly 
on the mitochondria, we performed an ex- 
periment in which half of ;he mitochondria 
were first incubated with Bcl-2. After this 
incubation, the other half of the mitochon- 
dria were added. We reasoned that this 
latter portion would not have access to the 
Bcl-2 that had associated with the former 
half. If Bcl-2 acts globally to inhibit a step 
upstream of the involvement of mitochon- 
dria. then Bcl-2 should inhibit Drotease ac- 
tivation even if concentrated in only a por- 
tion of the mitochondria. However, this 
was not obsewed. Rather, Bcl-2 inhibited 
cytochrome c release and the apoptotic ef- 
fects when added to all of the mitochondria 
but not when incubated first in only half of 
them (Fig. 4, C and D). Thus, in this system 
Bcl-2 counters apoptosis by acting directly 
on mitochondria. at or near the mechanism 
responsible for cytochrome c release. 

A loss in mitochondrial membrane po- 
tential ( A T )  has been correlated with the 
induction of apoptosis, and Bcl-2 protects 
mitochondria from this effect (27-29). Mi- 
tochondrial depolarization in apoptosis ap- 
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Fig. 4. Bcl-2 regulates 
apoptosis by acting in 
situ on mitochondria. 
(A) Bcl-2 acts at mito- 
chondria to block apo- 
ptosis. Samples con- 
taining cytosol, HM (1 % 
v/v), and Bcl-2 Sf9 cell 
lysate (2% v/v) were in- 
cubated for 1 hour (indi- 
cated by arrow) before 
separation and remixing 

I , , . , . , *  
0 1 2 3 4 5 6 7  

Time (h) Time (h) 

ma1 HM + Bgnl cytosol 4 Cytc 
of the cytosolic and HM I ...,... BddHM+Bcl.- ----. I 
fractions with fresh cy- 
tosol or HM. Fractions 
were separated by cen- 
trifugation (1 2,0009, 3 
min, 22"C), the pellet re- 
suspended in 1 . 5 ~  vol- 
ume of fresh cytosol, then repelleted(12,000g, 3 min, 22°C) and the Bcl- lysate was added to cytosol containing HM at either the full amount (2% 
2-incubated fractions recombined as indicated with equivalent volumes of v/v) or half of this amount and incubated at 22°C. At 10 min (arrow), more 
fresh cytosol or HM before further incubation to 7 hours. A control sample HM (the remaining half of the total) was added to the two samples indicat- 
incubated with p-gal Sf9 lysate is also shown. The experiment is represen- ed, before reincubation to 7 hours. This experiment is representative of 
tative of two independent experiments. (B) lmmunoblot of cytochrome c three independent experiments. (D) lmmunoblot of cytochrome c content 
content in cytosol. Extracts from the experiment in Fig. 3A were sampled (6 in cytosol. Extracts from the experiment in Fig. 3C were sampled at 5 hours 
hours) and assayed for cytochrome c content as described (Fig. 1A). (C) and assayed for cytochrome c content as described (Fig. 1A). 
Bcl-2 acts in situ on mitochondria to block apoptosis. p-Gal or Bcl-2 Sf9 

pears to be associated with the permeability 
transition (PT), an event involving the for- 

Fig. 5. Apoptosis in the Xeno- 
pus system is unaccompanied 
by mitochondrial depolarization, 
and Bcl-2 has no effect on mi- 
tochondrial membrane poten- 
tial. (A) Mitochondria1 uptake of 
DiOC6(3) is unchanged during 
apoptosis. Samples containing 
cytosol and HM (1.4% v/v) were 

mation of a nonspecific channel in the 
mitochondrial membranes (30), which is 
also blocked by Bcl-2 (31-34). 

To assess whether changes in mitochon- 
drial A* play a role in the Xenopus cell-free 
system, we measured the mitochondrial up- 
take of a membrane potential-sensitive dye, 
DiOC6(3), in extracts reconstituted from 
cytosol and mitochondria. DiOC6(3) up- 
take remained essentially unchanged during 
the course of apoptosis, regardless of wheth- 
er Bcl-2 was present (Fig. 5A). [The small 
initial decline in DiOC6(3) u~ take  seen 

incubated for 5 hours, with or 
3 3 

- 
without Bcl-2 Sf9 lysate (2% z ,  0  J~ 
v/v). At the indicated times, a 3 0 2 4 6 8 1 0  

Time (min) 
sample (20 pl) was removed, 95 - 
combined with 100 nM Zz 
DiOC6(3) [Molecular Probes; 2 5 $ 1  
pI of a 1 pM stock in dimethyl Y: 
sulfoxide (DMSO)] and further 2 O so ,-, 
incubated for 10 min at 22°C. - , 
Samples were then diluted in 1 Time (h) 
ml of buffer A and filtered 
through a 52-pm Nitex mesh and incubated for another 10 min before flow cytometric analysis 
(FacsCalibur, Becton Dickinson) of DiOC6(3) content of individual mitochondria. This last incubation had 
no effect on dye retention by the mitochondria (26). This experiment was representative of three 
separate experiments, except that in this case Bcl-2 did not completely block apoptosis, but delayed it 
by -2 hours, as indicated by DND-AFC cleaving activity. (B) The protonophore CCCP decreases dye 
content in mitochondria even after cytochrome c release has occurred. To the 3-hour samples from (A), 
10 pM CCCP was added, and DiOC6(3) retention was again measured at the indicated times. 

. ,  L 

here did not occur in unfractionated ex- 
tracts (26) and seems therefore to reflect an 
equilibration of the mitochondria when 
brought from buffer into cytosol.] This ar- 
gues that changes in mitochondrial A* do 
not accompany apoptosis in this system 
and, moreover, that Bcl-2 does not inhibit 
cytochrome c release only by protecting 
against mitochondrial depolarization. The 
protonophore CCCP (10 yM) caused a loss 
of dve content when added to mitochondria ~~- - 

either before (26) or after cytochrome c 
release (Fig. 5B), showing that the mito- 
chondrial membrane remained polarized 
throughout the process leading to cyto- 
chrome c translocation. As described (13), 
CCCP (10 yM) did not accelerate, but 
rather delayed, apoptotic events somewhat. 
CCCP could not reverse the anti-apoptotic 
effect of Bcl-2 (26); conversely, Bcl-2 could 
not overcome the effect of CCCP on 
DiOC6(3) retention (Fig. 5B). In the Xen- 

unaccompanied by changes in A 9  and thus 
seem not to involve a mitochondrial PT. 

These results are fundamentally different 
from those reported by Susin et al., who used 
a cell-free system lacking cytosol but con- 
taining mitochondria and nuclei suspended 
in buffer (35). In their system, mitochondria 
that have undergone the PT release apopto- 
sis-inducing factor (AIF), a 50-kD protease 
that can act directly on resuspended nuclei 
to induce DNA fragmentation and chroma- 
tin condensation. These effects of AIF are 
insensitive to N-acetyl-DEVD-CHO, an in- 

hibitor of CPP32-like caspases. There may 
be multiple mechanisms through which mi- 
tochondria can signal cell death, and per- 
haps AIF and cytochrome c participate in 
parallel or alternative apoptotic pathways. 
However, the involvement of AIF can be 
ruled out in our system, and in at least some 
other cytosol-based cell-free systems, because 
all of the events observed, including chro- 
matin condensation and nuclear disintegra- 
tion, are effectively blocked by N-acetyl- 
DEVD-CHO ( 16,36). Furthermore, in some opus system, then, the release of cyto- 

chrome c and its inhibition by Bcl-2 are instances of apoptosis in living organisms, an 
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AIF pathway (which would be independent 
of DEVDases) can also be excluded. For 
example, CED-3 protease is absolutely re- 
quired for programmed cell death in Caeno- 
rhabditis elegans (37), and caspase-3 (CPP32) 
is obligatory for cell death in areas of the 
developing murine brain (38). 

Bcl-x, is structurally related to certain 
bacterial pore-forming proteins (39), and 
Bcl-2 probably has a similar structure (40). 
Thus, Bcl-2 could conceivably block cyto- 
chrorne c efflux directly. Or, Bcl-2 may 
prevent this event indirectly by regulating 
the flow of ions, including Ca2+,  across the 
mitochondria1 and ER membranes (41 -46). 
Such a scenario could explain the ability of 
Bcl-2, in some cell types, to block apoptosis 
even when its location is restricted to the 
ER (47). In the cell-free system described 
here, ER membranes are not required for 
activation of DEVD-specific proteases (Fig. 
4),  and thus a possible effect of Bcl-2 on this 
compartment may not be discernible. 

Our results show that Bcl-2 acts on  the 
mitochondria with which it is associated 
(Fig. 4). This localized action of Bcl-2 may 
depend on the ability of Bcl-2 to target the 
kinase Raf-1 to mitochondria1 membranes 
(48). The Bcl-2-dependent mitochondrial 
sequestration of Raf-1 could be a mecha- 
nism underlying our finding that, when 
Bcl-2 was preincubated in cytosol with one 
aliquot of mitochondria, it failed to protect 
a second portion of lnitochondria added 
later (Fig. 4, C and D). 

Our observations have identified the mi- 
tochondrial release of cytochro~ne c as a 
major target for the anti-apoptotic effects of 
Bcl-2. The  ability of cytochrolne c to acti- 
vate CPP32-like proteases and cell death 
appears to be distinct from this protein's 
life-sustaining role in respiration. Cyto- 
chrorne c is highly conserved in eukaryotes 
(49). If its function in apoptosis is also 
conserved, this would explain how Bcl-2 or 
similar molecules can effectively regulate 
most forms of apoptosis. 
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Role for the Amino-Terminal Region of Human 
TBP in U6 snRNA Transcription 

Vivek Mittal and Nouria Hernandez* 

Basal transcription from the human RNA polymerase Ill U6 promoter depends on a TATA 
box that recruits the TATA box-binding protein (TBP) and a proximal sequence element 
that recruits the small nuclear RNA (snRNA)-activating protein complex (SNAP,). TBP 
consists of a conserved carboxyl-terminal domain that performs all known functions of the 
protein and a nonconserved amino-terminal region of unknown function. Here, the amino- 
terminal region is shown to down-regulate binding of TBP to the U6 TATA box, mediate 
cooperative binding with SNAP, to the U6 promoter, and enhance U6 transcription. 

T h e  T A T A  box-binding protein is a cen- 
tral transcription factor required for tran- 
scription by all three RNA polymerases. 
The  highly conserved COOH-terminal do- 
main performs all of the TBP fi~nctions 
examined so far, including binding to the 
TATA box and interacting with TBP-asso- 
ciated factors, general transcription factors, 
and activators (1 ). In vivo, this domain can 
functionally replace the full-length protein 
for all promoters tested in mammalian sys- 
terns (2); and in yeast, strains carrying a 
TBP ~ n i s s i n ~  the NH,-terminal domain are - 
viable (3).  The role of the nonconserved 
NH,-terminal domain is unknown. 
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Most R N A  polymerase 111 promoters 
consist of gene-internal elements and re- 
cruit TBP as part of the TBP-containing 
transcription factor IIIB (TFIIIB), through 
protein-protein interactions with the 
DNA-binding TFIIIC (4) .  However, in 
some unusual cases, exemplified by the 
human U 6  snRNA promoter, the promot- 
er elements are located upstream of the 
transcription start site (5) and appear to  
recruit neither TFIIIC ( 6 )  nor the same 
TFIIIB colnplex recruited by R N A  poly- 
merase I11 promoters with gene-internal 
elements (7 ) .  Instead, the U 6  promoter 
contaills two basal promoter elements, a 
proximal sequence element (PSE), which 
recruits a multisubunit cornplex referred to 
as the S N A P  complex (SNAP') or PSE 
transcription factor (8 )  and a TATA box, 
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