presence of a submicromolar concentration
of CPP32-specific tetrapeptide inhibitor
(25). On the other hand, the 50-kD factor,
once released from mitochondria upon de-
polarization, functions without cytosol and
is insensitive to the CPP32 inhibitor (13).
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 pathways.

Other factors that work together with
cytochrome 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 mitochondria 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-xi. (27), and the demonstration of
phosphorylation 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 o helices in Bcl-xi is reminiscent of the
membrane translocation domain of bacterial
toxins, in particular, diphtheria toxin and co-
licins. Inasmuch as the diphtheria toxin trans-
location domain is thought to form a mem-
brane pore (27), the Bcl-2 family of proteins
could also be part of a pore 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 ¢ from
Mitochondria: A Primary Site for
Bcl-2 Regulation of Apoptosis

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

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 ¢ and thus caspase activation. During apoptosis in intact cells, cytochrome
c translocation was similarly blocked by Bcl-2 but not by a caspase inhibitor, zZVAD-fmk.
In vitro, exogenous cytochrome ¢ bypassed the inhibitory effect of Bcl-2. Cytochrome
¢ release was unaccompanied by changes in mitochondrial membrane potential. Thus,
Bcl-2 acts to inhibit cytochrome ¢ translocation, thereby blocking caspase activation and

the apoptotic process.

Bel-2 and its relatives (for example, Bcl-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 at a
point in the process upstream of the activa-

tion of CED-3 family proteases such as
caspase-3 (CPP32) (9-12). How Bcl-2 pre-
vents protease activation is not known.
We used a cell-free system based on Xe-
nopus egg extracts in which recombinant
Bcl-2 prevents protease activation and sub-
sequent apoptotic effects (13—16). 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 (13). These or-
ganelles, when incubated in Xenopus egg
cytosol, generate a soluble proteinaceous
factor that can induce apoptosis rapidly in
mitochondria-free extracts (16). Cyto-
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 (16, 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 ¢ (16) 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 ¢
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 ¢, and immunoblotting con-
firmed the near absence of cytochrome c in
egg cytosol incubated alone (Fig. 1, A and
C).
When baculovirus-expressed 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 B-galactosidase had no
effect. Thus, Bcl-2 blocks apoptosis in the
Xenopus system by inhibiting the release of
cytochrome ¢ 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 ¢ 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

had no effect on the translocation of cyto-
chrome ¢ 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

A—‘ B100
=
'E EI E
S = =2 =2 = = = = O 804
O o= & oo <+ 1n © g
-C 5 60+ + HM + Bcl-2
— C E
- woww vee 2 0l
5
o 20
C Q& S E --m-- Control
o 2 :
= %’. ﬁ ? _e- HM + HM + B-gal
g E E 5 'é o —O- HM+Bol-2
(S i + + %8 —{1 HM +p-gal
& &%
& 2 ' - acyt.c 20 E
= OE ]
o 2z e 2 &
Fig. 1. Bcl-2 inhbbits cyto- % R s & &
chrome ¢ release from mito- ag g = 8= E
chondria and apoptotic chang- 22 o
. - . "] -~ Fodrin
es in a cell-free system. (A) Im- 0 1

2 3 4 5 6
munoblot analysis of the time- Time (h)
dependent release of cyto-

chrome ¢ (Cyt. ¢) from mitochondria into the cytosol in the cell-free apoptosis system. Mitochondria-
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
(73). [In all experiments, cytosol was supplemented with an adenosine triphosphate (ATP) regenerating
system consisting 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 (in
hours), cytosolic cytochrome ¢ content was analyzed after first pelleting the membranes (12,0009) and
filtering the supernatant through 0.2-pm and then 0.1-pm Ultrafree-MC filters (Millipore). The resulting
cytosolic protein (10 wl, ~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 ¢ 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 (B). The asterisk indicates the onset of DEVD-specific protease activation, and the dagger
indicates the onset of nuclear apoptosis and full protease activation. (B) Bcl-2 blocks apoptosis induced
by the presence of HM. Extracts reconstituted with or without HM (2% v/v) were incubated (22°C) with
or without lysate (1.8% v/v) from baculovirus-infected Sf9 cells expressing either Bcl-2 or B-galactosi-
dase (B-gal) (73). At the indicated times, samples were assessed for percent intact rat liver nuclei (73)
(top) and DEVD-specific protease activation (bottom). DEVD-specific protease was measured by incu-
bating extract (2 wl) with z-DEVD-AFC (80 wM, Enzyme Systems Products, Dublin, California) in 100 ! of
buffer A [250 mM sucrose, 20 mM Hepes-KOH, pH 7.5, 50 mM KClI, 2.5 mM MgCl,, 1 mM dithiothreitol
(DTT)). At 15 min the reaction was stopped by the addition of 1% sodium acetate trihydrate in 175 mM
acetic acid (50 wl) (50) and placed on ice. Fluorescence (400 to 505 nm) after the addition of water (1 ml)
was compared with a standard curve of 7-amino-4-trifluoromethyl-coumarin (AFC, Sigma). Panels (C),
(D), and (E) and Fig. 3, Aand B, also relate to this experiment, which is representative of three independent
experiments. A similar activation of ZYVAD-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 ¢ release from mitochondria. Cytosolic cytochrome ¢ 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 ¢ (Sigma) cross-reacted with Xenopus egg
cytochrome ¢ 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 wm. (E) Fodrin cleavage induced by HM
is prevented by Bcl-2. End point (6 hours) unfiltered extract samples (4 wl) were analyzed by immunoblot
with a monoclonal antibody (Chemicon International, 1:1000) to fodrin (nonerythroid spectrin).
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activation, which in turn 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
¢ at any concentration, either in the pres-

change in distribution was prevented by
Bcl-2 expression, but not by treatment with
zZVAD-fmk.

We next examined whether Bel-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
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Fig. 2. Bcl-2, but not zZVAD-fmk,
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blocks cytochrome ¢ transloca- - - < - - <

tion after apoptotic induction in

cells. (A) Cytochrome ¢ translocation to the cytoplasm is induced by different apoptosis-inducing
agents. CEM cells were treated as indicated with UVB (5 min), etoposide (100 wM), staurosporine
(Stauro., 1 uM), actinomycin D (ActD, 1 uM), or H,O, (400 wM) and cultured an additional 7 hours.
Cytosolic extracts were then prepared and assessed for cytochrome ¢ (Cyt. c), cytochrome ¢ oxidase
subunit Il (Cyt. ox.), or actin by immunoblot. 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 pl of extraction buffer [220 mM mannitol, 68 mM sucrose, 50 mM
Pipes-KOH, pH 7.4, 50 mM KCI, 5 mM EGTA, 2 mM MgCl,, 1 mM DTT, 10 uM cytochalasin B, 1 mM
phenylmethylsulfonyl fluoride (PMSF), and protease inhibitors (Chocktail, Boehringer Mannheim))]. After
30 min 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 wg of cytosolic protein or 5 wg of a mouse liver mitochondrial
fraction (Mt. Fract.) were separated by SDS-PAGE and transferred to a PVDF membrane (for cyto-
chrome ¢ or CPP32) or Hybond-ECL-nitrocellulose membrane (for other proteins). (B) Cytochrome ¢
translocation and apoptosis are inhibited in CEM cells by Bcl-2. CEM or CEM-Bcl-2 cells were treated
with UVB (5 min) or staurosporine (500 nM), cultured an additional 6.5 hours, and cytosolic extracts
assessed by immunoblot. (C) Apoptosis, but not cytochrome ¢ translocation, is inhibited by zZVAD-fmk.
CEM cells were treated for 2 hours with 100 wM zVAD-fmk (Kamiya, Thousand Oaks, California), then
treated with UVB (5 min) or staurosporine (1 M) 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.
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of two independent experiments.
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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 Bel-
2, we first incubated mitochondria (HM) in
the presence of baculovirus-expressed Bcl-2.
The organelles were then pelleted 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 cytosol supernatant
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 cyto-
chrome c release in 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 the 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 Bel-2 acts globally to inhibit a step
upstream of the involvement of mitochon-
dria, then Bcl-2 should inhibit protease ac-
tivation even if concentrated in only a por-
tion of the mitochondria. However, this
was not observed. 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 (AW) 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
of the cytosolic and HM
fractions with fresh cy-
tosol or HM. Fractions
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were separated by cen-

trifugation  (12,000g, 3
min, 22°C), the pellet re-
suspended in 1.5X vol-

ume of fresh cytosol, then repelleted(12,000g, 3 min, 22°C) and the Bcl-
2—-incubated fractions recombined as indicated with equivalent volumes of
fresh cytosol or HM before further incubation to 7 hours. A control sample
incubated with B-gal Sf9 lysate is also shown. The experiment is represen-
tative of two independent experiments. (B) Immunoblot of cytochrome ¢
content in cytosol. Extracts from the experiment in Fig. 3A were sampled (6
hours) and assayed for cytochrome ¢ content as described (Fig. 1A). (C)

1% HM + Bel-2
+

1% HM

Bcl-2 acts in situ on mitochondria to block apoptosis. B-Gal or Bcl-2 Sf9

pears to be associated with the permeability
transition (PT), an event involving the for-
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 AW 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) uptake seen
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 ¢ release only by protecting
against mitochondrial depolarization. The
protonophore CCCP (10 pM) caused a loss
of dye content when added to mitochondria
either before (26) or after cytochrome ¢
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 pM) 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-
opus system, then, the release of cyto-
chrome ¢ and its inhibition by Bcl-2 are
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lysate was added to cytosol containing HM at either the full amount (2%
v/v) or half of this amount and incubated at 22°C. At 10 min (arrow), more
HM (the remaining half of the total) was added to the two samples indicat-
ed, before reincubation to 7 hours. This experiment is representative of
three independent experiments. (D) Immunoblot of cytochrome ¢ content
in cytosol. Extracts from the experiment in Fig. 3C were sampled at 5 hours
and assayed for cytochrome ¢ content as described (Fig. 1A).

Fig. 5. Apoptosis in the Xeno- A 140+ B

pus system is unaccompanied < 1204 o 1”0 M CocP

by mitochondrial depolarization, 4 & 1004 b 100 W

and Bcl-2 has no effect on mi- € § sod O™ g 0 K]

tochondrial membrane poten- %‘E 60 - %'g 80

tial. (A) Mitochondrial uptake of 2 i

DiOéG)(S) is unchangedp during n‘g 407 —@— Control §§ %0 :c‘;mlmzl
apoptosis. Samples containing & 201 =*O-r +Bol2 &g 40 il
cytosol and HM (1.4% v/v) were - — 2 20

incubated for 5 hours, with or -

without Bcl-2 Sf9 lysate (2% 5o 37 L S R A
v/V). At the indicated times, a EE Time (min)
sample (20 wl) was removed, 2% 2+ s

combined with 100 nM '§§ p:'

DIOCB(3) [Molecular Probes; 2 Sy 17 s

wl of a 1 pM stock in dimethyl = R

sulfoxide (DMSQ)] and further Ego- -0-e0

incubated for 10 min at 22°C. as 51 % 3 4 3

Samples were then diluted in 1 a 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 DEVD-AFC cleaving

activity. (B) The protonophore CCCP decreases dye

content in mitochondria even after cytochrome ¢ release has occurred. To the 3-hour samples from (A),
10 pM CCCP was added, and DIOCB(3) retention was again measured at the indicated times.

unaccompanied by changes in AW 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

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).

Bel-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-
chrome c efflux directly. Or, Bcl-2 may
prevent this event indirectly by regulating
the flow of ions, including Ca?*, across the
mitochondrial 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 mitochondrial 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 mitochondria added
later (Fig. 4, C and D).

Our observations have identified the mi-
tochondrial release of cytochrome c as a
major target for the anti-apoptotic effects of
Bcl-2. The ability of cytochrome ¢ to acti-
vate CPP32-like proteases and cell death
appears to be distinct from this protein’s
life-sustaining role in respiration. Cyto-
chrome 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.

REFERENCES AND NOTES

1. J. C. Reed, J. Cell Biol. 124, 1 (1994).
2. G. Nufez and M. F. Clarke, Trends Cell Biol. 4, 399
(1994).

3. E. Yang and S. J. Korsmeyer, Blood 88, 386 (1996).

4. Y. Akao, Y. Otsuki, S. Kataoka, Y. Ito, Y. Tsujimoto,
Cancer Res. 54, 2468 (1994).

5. P. Monaghan et al., J. Histochem. Cytochem. 40,
1819 (1992).

. S. Krajewski et al., Cancer Res. 53, 4701 (1993).

. D.de Jong et al., ibid. 54, 256 (1994).

. T. Lithgow, R. Van Driel, J. F. Bertram, A. Strasser,
Cell Growth Differ. 5, 411 (1994).

9. A. M. Chinnaiyan et al., J. Biol. Chem. 271, 4573

(1996).

10. P. Erhardt and G. M. Cooper, ibid., p. 17601.

11. R. C. Armstrong et al., ibid., p. 16850.

12. S. Shimizu, Y. Eguchi, W. Kamiike, H. Matsuda, Y.

Tsujimoto, Oncogene 12, 2251 (1996).
13. D. D. Newmeyer, D. M. Farschon, J. C. Reed, Cell
79, 353 (1994).

@ N O

1136

14. S. J. Martin et al., EMBO J. 14, 5191 (1995).

15. S. C. Cosulich, S. Green, P. R. Clarke, Curr. Biol. 6,
997 (1996).

16. R. M. Kluck, S. J. Martin, D. R. Green, D. D. New-
meyer, in preparation.

17. Y. A. Lazebnik, S. Cole, C. A. Cooke, W. G. Nelson,
W. C. Earnshaw, J. Cell Biol. 123, 7 (1993).

18. Y. A. Lazebnik, S. H. Kaufmann, S. Desnoyers, G. G.
Poirier, W. C. Earnshaw, Nature 371, 346 (1994).

19. M. Enari, H. Hug, S. Nagata, ibid. 375, 78 (1995).

20. A. Takahashi et al., Proc. Natl. Acad. Sci. U.S.A. 93,
8395 (1996).

21. X. Liu, C. N. Kim, J. Yang, R. Jemmerson, X. Wang,
Cell 86, 147 (1996).

22. A. Mayer, W. Neupert, R. Lil, J. Biol. Chem. 270,
12390 (1995).

23. M. E. Dumont, T. S. Cardillo, M. K. Hayes, F. Sher-
man, Mol. Cell. Biol. 11, 5487 (1991).

24. S. J. Martin et al., J. Biol. Chem. 270, 6425 (1995).

25. S. J. Martin, D. M. Finucane, G. P. Amarante-
Mendes, G. A. O'Brien, D. R. Green, ibid. 271,
28753 (1996).

26. R. M. Kluck, E. Bossy-Wetzel, D. R. Green, D. D.
Newmeyer, data not shown.

27. P. X. Petit et al., J. Cell Biol. 130, 157 (1995).

28. N. Zamzami et al., J. Exp. Med. 181, 1661 (1995).

29. S. Shimizu et al., Oncogene 13, 21 (1996).

30. M. Zoratti and |. Szabo, Biochim. Biophys. Acta
1241, 139 (1995).

31. N. Zamzami et al., J. Exp. Med. 182, 367 (1995).

32. P. Marchetti et al., ibid. 184, 1155 (1996).

33. N. Zamzami et al., ibid. 183, 1533 (1996).

34. J. G. Pastorino et al., J. Biol. Chem. 271, 29792
(1996).

35. S. A. Susin et al., J. Exp. Med. 184, 1331 (1996).

36. D. M. Farschon, C. Couture, T. Mustelin, D. D. New-
meyer, in preparation.

37. J. Yuan and H. R. Horvitz, Dev. Biol. 138, 33 (1990).

38. K. Kuida et al., Nature 384, 368 (1996).

39. S. W. Muchmore et al., ibid. 381, 335 (1996).

40. B. A. Vance, C. M. Zacharchuk, D. M. Segal, J. Biol.
Chem. 271, 30811 (1996).

41. G. Baffy, T. Miyashita, J. R. Williamson, J. C. Reed,
ibid. 268, 6511 (1993).

42. M. Lamet al., Proc. Natl. Acad. Sci. U.S.A. 91, 6569
(1994).

43. M. Zbrnig et al., Oncogene 11, 2165 (1995).

44, C.W. Distelhorst, M. Lam, T. S. McCormick, ibid. 12,
2051 (1996).

45, M. C. Marin et al., ibid., p. 2259.

46. A. N. Murphy, D. E. Bredesen, G. Cortopassi, E.
Wang, G. Fiskum, Proc. Natl. Acad. Sci. U.S.A. 93,
9893 (1996).

47. W. Zhu et al., EMBO J. 15, 4130 (1996).

48. H.-G. Wang, U. R. Rapp, J. C. Reed, Cell 87, 629
(1996).

49. M. L. Baba, L. L. Darga, M. Goodman, J. Czelusniak,
J. Mol. Evol. 17, 197 (1996).

50. A. J. Rivett, P. J. Savory, H. Djaballah, Methods
Enzymol. 244, 331 (1994).

51. S.J. Martin et al., J. Exp. Med. 182, 1545 (1995).

52. We thank R. Jemmerson, J. Reed, D. Farschon, G.
Corradin, and B. Singh for reagents; S. Martin, G.
Amarante-Mendes, H. M. Beere, and T. Gunter for
helpful discussions, critical reading of the manu-
script, or both; and M. Schibler, B. Ranscht, and E.
Koller for help with confocal microscopy. Supported
by grants from the American Cancer Society (DB-97
to D.D.N.), NIH (grants GM50284 to D.D.N. and
GM52735 and CA69381 to D.R.G.), and from the
Swiss National Science Foundation (fellowship
823A-046638 to E.B.-W.).

21 October 1996; accepted 29 January 1997

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 Il 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 honconserved 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.

The TATA 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 functions
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-
tems (2); and in yeast, strains carrying a
TBP missing the NH,-terminal domain are
viable (3). The role of the nonconserved
NH,-terminal domain is unknown.

Howard Hughes Medical Institute and Cold Spring Har-
bor Laboratory, Cold Spring Harbor, NY 11724, USA.

*To whom correspondence should be addressed.

Most RNA polymerase III promoters
consist of gene-internal elements and re-
cruit TBP as part of the TBP-containing
transcription factor I[1IB (TFIIIB), through
protein-protein interactions with the
DNA-binding TFIIIC (4). However, in
some unusual cases, exemplified by the
human U6 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 complex recruited by RNA poly-
merase III promoters with gene-internal
elements (7). Instead, the U6 promoter
contains two basal promoter elements, a
proximal sequence element (PSE), which
recruits a multisubunit complex referred to
as the SNAP complex (SNAP_) or PSE
transcription factor (8) and a TATA box,
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