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DFF, a Heterodimeric Protein That Functions
Downstream of Caspase-3 to Trigger
DNA Fragmentation during Apoptosis
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apoptotic stimuli (Nicholson et al., 1995; Dubrez, et al.,
1996; Jacobson et al., 1996). Deletion of caspase-3 from

Summary the mouse genome through homologous recombination
results in excessive accumulation of neuronal cells, ow-

We have identified and purified from HeLa cytosol a ing to a lack of apoptosis in the brain (Kuida et al., 1996).
protein that induces DNA fragmentation in coincu- Addition of active caspase-3 to normal cytosol activates
bated nuclei after it is activated by caspase-3. This the apoptotic program (Enari et al., 1996). These data
protein, designated DNA Fragmentation Factor (DFF), indicate that caspase-3 is both necessary and sufficient
is a heterodimer of 40 kDa and 45 kDa subunits. The to trigger apoptosis.
amino acid sequence of the 45 kDa subunit, deter- The identified substrates of caspase-3 include poly
mined from its cDNA sequence, reveals it to be a novel (ADP-ribose) polymerase (PARP) (Nicholson et al., 1995;
protein. Caspase-3 cleaves the 45 kDa subunit at two Tewari et al. 1995), sterol-regulatory element–binding
sites to generate an active factor that produces DNA proteins (SREBPs) (Wang et al., 1995a, 1996), the U1-
fragmentation without further requirement for cas- associated 70 kDa protein (Caciola-Rosen et al., 1996),
pase-3 or other cytosolic proteins. In cells undergoing D4-GDI (Na et al., 1996), huntingtin (Goldberg et al.,
apoptosis, the 45 kDa subunit is cleaved in the same 1996), and theDNA-dependent protein kinase (Casciola-
pattern as it is cleaved by caspase-3 in vitro. These Rosen et al., 1996; Song et al., 1996). It is not known
data delineate a direct signal transduction pathway whether the cleavage of any of these substrates plays
during apoptosis: caspase-3 to DFF to DNA fragmen- a causal role in apoptosis.
tation. Our laboratory recently established an experimental

system in which DNA fragmentation characteristic of
apoptosis can be triggered in vitro by incubation of

Introduction normal nuclei with activated cytosolic extracts (Liu et
al., 1996b). The activation occurred in two stages: first,

Apoptosis is executed through a suicide program that cytosolic caspase-3 was cleaved and activated in a re-
is built into all animal cells (reviewed by Wyllie, 1995; action that was triggered by cytochrome c released from
White, 1996). Cells undergoing apoptosis show distinc- mitochondria; and second, activated caspase-3 inter-
tive morphological changes, including membrane bleb- acted with other cytosolic proteins to generate DNA
bing, cytoplasmic and nuclear condensation, chro- fragmentation when added to isolated nuclei (Liu et al.,
mation aggregation, and formation of apoptotic bodies 1996b; Yang et al., 1997).
(Wyllie, 1980). The biochemical hallmark of apoptosis is In thecurrent study, we report thepurification, charac-
the cleavage of chromatin into nucleosomal fragments terization, and cDNA cloning of the downstream factor
(Wyllie, 1980). that is activated by caspase-3 and, in turn, induces nu-

Multiple lines of evidence indicate that apoptosis can clear DNA fragmentation. We call this factor DNA Frag-
be triggered by the activation of a family of cysteine mentation Factor (DFF).
proteases with specificity for aspartic acid residues, in-
cluding CED-3 of C. elegans, CPP32/Yama/Apopain of

Resultshumans, and DCP-1 of Drosophila (Yuan et al., 1993;
Fernandes-Alnemri et al., 1994; Nicholson et al., 1995;

Identification of DFFTewari et al., 1995; Xue et al., 1996; Song et al., 1997).
To elucidate the molecular events leading to DNA frag-Recently, these proteins have been designated as cas-
mentation, we set up an in vitro DNA fragmentationpases (Alnemri et al., 1996).
assay in which normal nuclei from hamster liver wereThe most intensively studied apoptotic caspase is
incubated with active recombinant caspase-3 togethercaspase-3, previously called CPP32/Yama/Apopain
with Hela cell S-100 cytosol (Figure 1). Caspase-3 alone(Fernandes-Alnemri, et al., 1994; Nicholson, et al., 1995;
was not able to induce DNA fragmentation in the coincu-Tewari, et al., 1995). Caspase-3 normally exists in the
bated nuclei (Figure 1, lane 1); neither were the HeLacytosolic fraction of cells as an inactive precursor that

is activated proteolytically when cells are signaled to cell cytosolic or nuclear extracts (Figure 1, lanes 2 and 3).
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Figure 1. Identification of DFF, a Caspase-3-Dependent DNA Frag-
mentation Factor

Recombinant caspase-3, hamster liver nuclei, HeLa cell S-100, and
nuclear extract were prepared as described in Experimental Proce-
dures. An aliquot (50 ml) of HeLa cell S-100 (250 mg) or nuclei extract
(250 mg) was incubated in the absence (lanes 2 and 3) or presence
of 150 ng of caspase-3 (lane 4,5) with 7 ml of hamster liver nuclei
for 2 hr at 378C in a final volume of 60 ml adjusted with buffer A.
Lane 1 is caspase-3 alone incubated with hamster liver nuclei. The
genomic DNA from these samples was isolated as described in
Experimental Procedures and subjected to 2% agarose gel electro-
phoresis. The DNA was visualized by ethidium bromide staining.

Figure 2. Mono Q Column Purification of DFF

The DFF activity was purified through the Mono Q column as de-However, when caspase-3 and the HeLa S-100 fraction
scribed in Experimental Procedures.were incubated together with the nuclei, DNA fragmen-
(A) Aliquots of 2 ml of Mono Q column fractions were incubated withtation occurred (Figure 1, lane 4). These data indicate aliquots of 0.3 mg of caspase-3 and 7 ml of hamster liver nuclei at

the existence of a DNA fragmentation factor(s) in HeLa 378C for 2 hr in a final volume of 60 ml of buffer A. DNA was isolated,
cell cytosol that induces DNA fragmentation in the pres- analyzed, and visualized as described in Experimental Procedures.

(B) Aliquots (50 ml) of the indicated Mono Q column fractions wereence of caspase-3. No DFF activity was detected in the
subjected to 10% SDS–PAGE, followed by Coomassie brilliant bluenuclear extract (Figure 1, lane 5).
staining.

Purification of DFF
Using caspase-3-dependent DNA fragmentation as an
assay, we purified DFF from HeLa cell S-100 in an eight poorly with silver (X. L. and X. W., unpublished data).

No other proteins were detected in fractions containingstep procedure (see Table 1 and Experimental Proce-
dures). The results of the last step of the purification, a the peak of DFF activity (fraction 21).

Purified DFF from the Mono Q column induced DNAMono Q column chromatographic step, are shown in
Figure 2. DFF activity eluted from the Mono Q column at fragmentation in coincubated nuclei in a fashion that

was dependent on its concentration and the concentra-about 250 mM NaCl (Figure 2A, fractions 20–22). These
fractions were subjected to SDS–PAGE, followed by tion of caspase-3 (Figure 3, lanes 1–7). As increasing

amounts of purified DFF were added to the reaction, theCoomassie brilliant blue staining (Figure 2B). Two poly-
peptides with molecular masses of 45 kDa and 40 kDa extentof DNAfragmentation increased as demonstrated

by the increase in the intensity of small-sized nucleoso-were observed to coelute with the DFF activity. We used
the Coomassie stain because the 45 kDa protein stained mal DNA fragments (z180 base pairs/nucleosome) and

Table 1. Purification of DFF from HeLa Cells

Specific Total
Step Fraction Protein Activity Activity Purification Recovery

mg units/mg unit -fold %

1 S-100 3750 526 1972500 100
2 SP-Sepharose 968 1466 1419355 2.8 72
3 Phenyl-Sepharose 275 3040 835820 5.8 42
4 50% Ammonium- 88 8333 733333 16 37

Sulfate Precipitation
5 Superdex-200 20 34285 685714 65 35
6 Mono S 0.675 227920 153846 433 7.8
7 Hydroxyapatite 0.2 328947 65789 625 3.3
8 Mono Q 0.015 4000000 60000 7604 3.0

S-100 was purified from 100 liters of HeLa cells as described in Experimental Procedures. An aliquot of each fraction was dialyzed against
buffer A, and the DFF activity was assayed at five concentrations of protein. The results were quantified by IS-1000 Digital Imaging System
(Alpha Innotech Corporation). One unit of activity was arbitrarily defined as one unit of the intensity of the single nucleosomal DNA.
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Figure 3. Reconstitution of DNA Fragmentation Activity by Purified
DFF and Caspase-3

Hamster liver nuclei and caspase-3 were prepared as described in
Experimental Procedures. Aliquots (7 ml) of hamster liver nuclei were
incubated alone (lane 1), or with 0.15 mg of caspase-3 and the
indicated amounts of purified DFF (lanes 2–6), or with 60 ng of
purified DFF and the indicated amount of caspase-3 (lanes 7–11) at
378C for 2 hr in a final volume of 60 ml of buffer A. The DNA was
isolated, analyzed, and visualized as described in Experimental Pro-
cedures. In lanes 12 and 13, l phage DNA was isolated using a
Wizard Lambda Preps DNA Purification System (Promega) and incu-
bated alone (lane 12) or with 60 ng of purified DFF plus 0.15 mg of
caspase-3 at 378C for 2 hr.

the decrease of large molecular weight genomic DNA.
At the highest concentration used, almost all of the DNA
was cleaved into the size of single nucleosomes after

Figure 4. Gel Filtration Column Profile of DFF
2 hr (Figure 3, lane 6). No DNA fragmentation was ob-

The peak fraction of DFF (fraction 21) from the Mono Q column (see
served when caspase-3 was omitted from the reaction Figure 2) was loaded onto a Superdex 200 10/30 gel filtration column
(Figure 3, lane 7).A similar pattern,although not as linear, (Pharmacia). The column was equilibrated and eluted with buffer A.
was observed when increasing amounts of caspase-3 Fractions of 1 ml were collected.

(A) Aliquots (10 ml) of the gel filtration fractions were assayed forwere added to the reactions with a fixed amount of DFF
DFF activity as described in Experimental Procedures.(Figure 3, lanes 8–11). Interestingly, DFF plus caspase-3
(B) Aliquots (1 ml) of the indicated fractions were concentrated usingshowed no detectable nuclease activity when incubated
a Centricon 10 (amicon) to a final volume of 90 ml and then subjected

with naked DNA (Figure 3, lanes 12–13). to a 10% SDS–PAGE, followed by Coomassie blue staining. Arrows
The relative linear increase in single nucleosomal frag- denote the positions of elution of molecular weight standards.

ments in response to increasing concentrations of DFF
enabled us to quantitatively estimate the degree of puri-
fication of DFF. Table 1 shows estimates of the quantita- the function of DFF is to facilitate the transport of cas-
tive parameters for the purification of DFF starting with pase-3 into nuclei, we studied the time course of cleav-
S-100 fractions from 100 liters of suspension-cultured age of lamin B1 by caspase-3 in the absence or presence
HeLa cells. The DFF was purified more than 7000-fold of DFF. As shown in Figure 5A, caspase-3 alone was
to apparent homogeneity through the Mono Q step with not able to induce DNA fragmentation. In the presence
an overall recovery of 3% activity. of DFF, nuclear DNA started to fragment after 15 min

To confirm the association of the 45 kDa and 40 kDa of incubation and the extent of fragmentation increased
polypeptides, we applied the purified DFF from the with time (Figure 5A, lanes 7–11). However, the rate of
Mono Q column step to a Superdex-200 gel filtration lamin B1 cleavage by caspase-3 remained the same
column (Pharmacia). The column fractions were col- with or without DFF (Figure 5B, lanes 2–11). These data
lected and assayed for DFF activity (Figure 4A). DFF indicate that caspase-3 cuts the nuclear substrate with
activity appeared at fractions 8 and 9 with an estimated or without DFF. The same conclusion was obtained
molecular mass of 85 kDa relative to the molecular when the rate of cleavage of PARP was measured (data
weight standard (Figure 4A). The same fractions were not shown).
also subjected to SDS–PAGE, followed by Coomassie
blue staining (Figure 4B), and the 45 kDa and 40 kDa DFF Functions Downstream of Caspase-3
polypeptides were observed to coelute with DFF ac- We next conducted an experiment to determine whether
tivity. caspase-3 was needed for DNA fragmentation after it

had activated DFF, or whether the sole requirement for
caspase-3 is to activateDFF. To distinguish these possi-Characterization of DFF

Several known substrates of caspase-3 are nuclear pro- bilities, we employed a caspase-3-specific tetrapeptide
aldehyde inhibitor, Ac-DEAD-CHO (Wang et al., 1995a).teins, including PARP, lamin B1, 70 kDa U1 RNP protein,

and DNA-dependent kinase. To test the possibility that As shown in Figure 6, incubation of caspase-3 and DFF
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Figure 5. Lamin B1 Cleavage in the Absence and Presence of DFF
Figure 6. Activation of DFF by Caspase-3

Aliquots (14 ml) of HeLa cell nuclei were incubated at 378C alone for
Aliquots (7 ml) of hamster liver nuclei were incubated with caspase-32 hr (lane 1), or with 0.6 mg of caspase-3 alone (lanes 2–6), or with
(50 ng) alone (lane 1), DFF alone (60 ng) (lane 2), or caspase-3 and0.6 mg of caspase-3 and 0.12 mg of purified DFF (lanes 7–11) for
DFF together (lane 3) for 2 hr at 378C. In lanes 4 and 5, aliquots (50the indicated times in a final volume of 120 ml of buffer A.
ng) of caspase-3 were incubated with 1 mM Ac-DEAD-CHO (lane 4)(A) Aliquots (60 ml) of these reactions were digested with proteinase
or 1 mM Ac-YVAD-CHO (lane 5) at 378C for 5 min, followed by theK, and the DNA was isolated, analyzed, and visualized as described
addition of purified DFF (60 ng) and 7 ml of hamster liver nuclei.in Experimental Procedures.
Reactions were incubated for another 2 hr in a final volume of 60(B) Aliquots (30 ml) of each reaction were subjected to a 12% SDS–
ml of buffer A. In lanes 6 and 7, aliquots of caspase-3 (50 ng) werePAGE and transferred to a nitrocellulose filter. The filter was probed
incubated with purified DFF (60 ng) at 378C for 1.5 hr, followed bywith monoclonal anti-lamin B1 antibody, and the antigen–antibody
the addition of Ac-DEAD-CHO (lane 6) or Ac-YVAD-CHO (lane 7) tocomplex was visualized by the ECL method as described in Experi-
a final concentration of 1 mM. After incubation for 5 min, aliquotsmental Procedures. The filter was exposed to a Kodak X-OMAT AR
of hamster liver nuclei (7 ml) were added to each reaction, followedX-ray film for 30 sec.
by an additional 2 hr incubation. The reactions were stopped by
proteinase K digestion. The DNA was isolated, analyzed, and visual-

together induced DNA fragmentation (lane 3), while cas- ized as described in Experimental Procedures.
pase-3 or DFF alone failed to do so (lanes 1 and 2).
When Ac-DEAD-CHO was included in the reaction, DNA

B1 in the coincubated nuclei (Figures 7B and 7C, lanesfragmentation was inhibited, demonstrating that activa-
5–7). It therefore appears that DNA fragmentation doestion of DFF requires active caspase-3 (lane 4). Under the
not require cleavageof nuclearsubstrates such as PARPsame conditions, the ICE-specific inhibitor, Ac-YVAD-
and lamin B1.CHO, did not inhibit DNA fragmentation (lane 5). In con-

trast, when caspase-3 and DFF were preincubated for
The 45 kDa Subunit of DFF Is a Substrate2 hr, followed by the addition of nuclei and Ac-DEAD-
for Caspase-3CHO (lane 6), there was no longer inhibition of DNA
Inasmuch as activation of DFF by caspase-3 is inhibitedfragmentation reaction (lane 6). It appears that cas-
by Ac-DEAD-CHO, it is likely that this activation involvespase-3 activity is no longer required for DNA fragmenta-
the cleavage of one or both of the subunits of DFF. Totion once DFF is activated.
test this hypothesis, we labeled purified DFF with biotinThe above protocol also provided an opportunity to
and incubated the biotinylated DFF with caspase-3.determine whether the cleavage of nuclear substrates
After incubation, the samples were subjected to SDS–by caspase-3, such as PARP and lamin B1, are neces-
PAGE and visualized by chemiluminescence usingsary for DNA fragmentation. It had not been clear
streptavidin-conjugated peroxidase. As shown in Figurewhether the cleavage of PARP or lamins is a required
8, both subunits of DFF were labeled with biotin (lanestep for DNA fragmentation. To directly test this require-
1). Incubation with caspase-3 resulted in the cleavagement, we preincubated purified DFF with caspase-3 and
of the 45 kDa subunit into fragments of molecularthen added nuclei in the presence of Ac-DEAD-CHO
masses of 30 kDa and 11 kDa that were separated by(Figures 7A–7C, lanes 5–7), or the control inhibitor Ac-
SDS–PAGE. The 40 kDa subunit remained intact (lanesYVAD-CHO (Figure 7A–7C, lanes 8–10). Neither Ac-
1 and 2).DEAD-CHO nor Ac-YVAD-CHO had any effect on DNA

To confirm that DFF-45 is cleaved and activated infragmentation when added after DFF and caspase-3
vivo in cells undergoing apoptosis, we performed immu-had been preincubated (Figure 7A). However, Ac-DEAD-

CHO still blocked the cleavage of both PARP and lamin noblot analysis of DFF-45 using extracts from human
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Figure 8. DFF-45 Is a Substrate for Caspase-3

DFF was biotinylated as described in Experimental Procedures. The
biotinylated DFF was incubated alone (lane 1) or with 0.3 mg of
caspase-3 (lane 2) for 1.5 hr at 378C. Caspase-3 was also incubated
with the inactivated biotinylation buffer under the same reaction
conditions (lane 3). The samples were subjected to 12% SDS–PAGE
and transferred to a nitrocellulose filter. The filter was probed with
streptavidin, and the biotin–streptavidin complex was visualized by
the ECL method as described in Experimental Procedures. The fil-
ters were exposed to a Kodak X-OMAT AR X-ray film for 5 sec and
30 sec, respectively.

Figure 7. DNA Fragmentation Does Not Require the Cleavage of
PARP and Lamin B1

in DFF-45. The 30 kDa fragment is an intermediate that
Aliquots (0.12 mg) of purified DFF were incubated with aliquots of

is further cleaved to an 11 kDa form. The time of appear-caspase-3 (100 ng) at 378C for 1.5 hr in a final volume of 120 ml
ance of the 11 kDa fragments correlated well with theof buffer A, followed by the addition of Ac-DEAD-CHO (lanes 5–7)

or Ac-YVAD-CHO (lanes 8–10) to a final concentration of 1 mM. After fragmentation of chromatin in these U937 cells (Figure
incubation at 378C for 5 min, aliquots of 7 ml of HeLa cell nuclei 9B). Protein sequencing analysis of DFF-45 (Figure 10A)
were added to each reaction and incubated at 378C for 2 hr. In lane and DFF-40 (data from four trypticpeptides ranging from
1, nuclei alone were incubated with buffer A.

7 to 16 amino acids, 50 amino acids total) revealed(A) Aliquots (60 ml) of each reaction were stopped by proteinase K
that both are previously uncharacterized proteins. Wedigestion, and the DNA was isolated, analyzed, and visualized as
isolated a cDNA clone encoding the 45 kDa subunitdescribed in Experimental Procedures.

(B and C) Aliquots (30 ml) of each reaction were subjected to 10% based on the protein sequence generated from tryptic
(B) or 12% (C) SDS–PAGE. After electrophoresis, the gels were digestion of DFF-45 followed by Edman degradation
transferred to nitrocellulose filters. The filters were probed either (Figure 10A, underlines). The cDNA contains an open
with a monoclonal anti-PARP antibody (B) or a monoclonal anti- reading frame of 331 amino acids with no obvious ho-
lamin B antibody (C). The antigen–antibody complexes were visual-

mology to any known proteins in the data base (Figureized by the ECL method as described in Experimental Procedures.
10A). The translated product of this cDNA in a rabbitThe filters were exposed to a Kodak X-OMAT AR X-ray film for 1

min (B) or 30 sec (C). reticulocyte lysate runs at the identical position as puri-
fied DFF-45 in SDS–PAGE (data not shown). The cDNA
cloning of DFF-40 is not yet complete.

To map the caspase-3 cleavage sites in DFF-45, wemonocytic U937 cells undergoing apoptosis induced by
staurosporine. As shown in Figure 9, DFF-45 exists as expressed the protein with a six-histidine tag at the NH2-

terminus (MGSSHHHHHHSSGLVPRGSH). The fusionz45 kDa precursor in growing cells. After a 2 hr treat-
ment with staurosporine, DFF-45 was cleaved into frag- protein migrates at about 45 kDa on SDS–PAGE after

purification on a nickel affinity column (Figure 10B, lanements of 30 kDa and 11 kDa. At later time points, the
30 kDa fragment was reduced and the 11 kDa fragment 1). Incubation of this fusion protein with caspase-3 re-

sulted in its cleavage into three fragments of 30 kDa,increased. The cleavage of DFF-45 into fragments of 30
kDa and 11 kDa has also been observed in other cell 18 kDa, and 11 kDa at the early time point, and the 30

kDa fragment was further cleaved into z11 kDa frag-types, such as HeLa cells and human fibroblast SV589
(A. Lutschg and X. W., unpublished data). Similar results ments with longer incubation. These fragments were

separated by SDS–PAGE and electroblotted onto Im-were obtainedwhen U937 cellswere induced toundergo
apoptosis with etoposide (data not shown). The data mobilon Psq for automated Edman degradation. The

results revealed that the NH2-terminal residues of thesuggest that there are multiple caspase-3 cleavage sites
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Figure 9. Activation of DFF-45 in Cells Undergoing Apoptosis

Human monoblastic U937 cells were set up at 5 3 105 cells per/ml
in RPMI 1640 medium supplemented with 10% fetal calf serum, 100
U/ml penicillin, and 100 mg/ml streptomycin sulfate. After incubation
at 378C for 48 hr in 5% CO2 incubator, the cells were treated with
staurosporine at a final concentration of 1 mM for indicated times.
The cells were then collected by centrifugation (1,000 3 g for 10 Figure 10. Mapping the Cleavage Sites of Caspase-3 in DFF-45
min at 48C). After one wash with ice-cold PBS, the cell pellets were Protein
resuspended in 5 volumes of buffer A and incubated on ice for 15

(A) This panel shows the translation of the longest open reading
min. The cells were disrupted by passage 15 times through a G22 frame from a DFF-45 cDNA clone (Hela l Exlox). The peptide se-
needle. After centrifugation in a microcentrifuge for 5 min at 48C, quences obtained from purified DFF-45 protein are underlined. The
the pellets were resuspended in 2 volumes of buffer A containing arrows denote the cleavage sites of caspase-3 that weredetermined
500 mM NaCl and rotated at 48C for 30 min. The nuclear debris by automated sequencing and mass spectrometry analysis of cas-
was spun down in a microcentrifuge for 20 min at 48C, and the pase-3-cleaved recombinant DFF-45.
supernatants were analyzed by immunoblot using antibody against (B) Recombinant DFF-45 fusion protein was prepared as described
DFF-45. in Experimental Procedures. Aliquots of 50 mg of recombinant DFF-
(A) Aliquots of 30 mg of U937cell extracts prepared from cells treated

45 protein were mixed with 1 mg of caspase-3 in a final volume of
with staurosporine at indicated times were subjected to 15% SDS–

50 ml of buffer A. Incubation was carried out at 378C. The reactions
PAGE, and were transferred onto a nitrocellulose filter. The filter

were stopped at the indicated time points, and an aliquot (10 ml) of
was probed by rabbit anti-DFF-45 anti-serum (1:10000 dilution), and

each sample was analyzed by 15% SDS–PAGE. The samples were
the antigen–antibody complexes were visualized by an ECL method

subsequently transferred to a nitrocellulose filter and stained with
as described in Experimental Procedures. The filter was exposed

Ponceau S.
to a Fuji reflection film for 30 sec.
(B) Aliquots (5 ml) of U937 cells treated with staurosporine for the
indicated times were used for genomic DNA isolation, and the DNA

reasons. The NH2-terminal sequence analysis and thewas analyzed as described in Experimental Procedures.
mass spectrometry of the cleavage products revealed
that cleavage occurs at the sequences DETD (aa 117)
and DAVD (aa 224). These cleavage sites are consistentfragments were Gly-2 (30 kDa and 18 kDa), Ser-138 (11

kDa), and Thr-245 (11 kDa), respectively, suggesting that with the known cleavage sites for caspase-3, such as
DEVD for PARP and DEPD for SREBP-2 (Nicholson etcaspase-3 had cleaved between Asp-137 and Ser-138

and between Asp-244 and Thr-245. This generates two al., 1995; Wang et al., 1995a).
different fragments of z11 kDa that could not be sepa-
rated on SDS–PAGE. The 18 kDa fragment is probably Discussion
generated as the result of the His-tag at theNH2 terminus
of the fusion protein, which runs at z11 kDa if it was DFF Is a Cytosolic Factor That Mediates

DNA Fragmentationfrom the native DFF-45.
To confirm that these are the principal sites of cleav- DNA fragmentation into nucleosomal fragments is the

most recognizable biochemical feature of apoptosisage, unfractionated samples of digested DFF-45 were
subjected to electrospray mass spectrometry.This anal- (Wyllie, 1980). The identification and purification of DFF

revealed a direct pathway from cytosol to nuclei, leadingysis revealed protein fragments with masses of 23,732,
14,833, 12,036, and 11,713 Da. These values corre- to DNA fragmentation. Remarkably, active caspase-3

and DFF seem to be sufficient to reconstitute the cyto-sponded well with those calculated for the peptides
expected from the results of Edman degradation, solic events leading to DNA fragmentation. Purified DFF

consists of two subunits of 45 kDa and 40 kDa, of whichnamely Ser-138 to Thr-351 (23,736), Gly-2 to Asp-137
(14,836), Ser-138 to Asp-244 (12,039), and Thr-245 to the 45 kDa subunit can be cleaved by caspase-3 into

smaller polypeptides. In cells undergoing apoptosis, aThr-351 (11,715). The NH2-terminal fragment of DFF-
45 runs abnormally slowly on SDS–PAGE for unknown similar pattern of cleavage of DFF-45 was observed
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(Figure 9A). Once DFF-45 is cleaved and activated, membrane of mitochondria, prevents the activation of
caspase-3 in response to a variety of apoptotic signalscaspase-3 activity is no longer required for DNA frag-

mentation, although it is required for cleavage of nuclear (Armstrong et al., 1996; Boulakia et al., 1996; Chinnaiyan
et al., 1996; Erhardt and Cooper, 1996; Ibrado et al.,substrates such as lamin B1 and PARP. These findings

raise the possibility that the sole required function of 1996; Monney et al., 1996). The recent identification of
cytosolic cytochrome c as a necessary component forcaspase-3 to mediate DNA fragmentation is to cleave

the 45 kDa subunit of DFF. The cleavage of other sub- the activation of caspase-3 sheds light on the possible
mechanism by which Bcl-2 prevents activation of cas-strates of caspase-3 either may be needed to mediate

some other apoptosis-related events, such as cleavage pase-3 (Liu et al., 1996b). In cells overexpressing Bcl-2,
the release of cytochrome c from mitochondria in re-of lamin B1 to facilitate the fragmentation of nuclei, or

has no active role in apoptosis. The latter may be true sponse to apoptotic stimuli is blocked, aborting the acti-
vation of caspase-3 (Kluck, et al., 1997; Yang et al.,for the cleavage of PARP since PARP knockout mice

show no detectable defect in apoptosis (Wang et al., 1997).
The cleavage of DFF-45 during apoptosis presents a1995b).

DFF appears unrelated to a recently discovered 50 clear example of activation throughcaspase-3 cleavage.
In the cases of lamin B1 and PARP, however, cleavagekDa mitochondria-derived factor (AIF) that also causes

isolated nuclei to undergo apoptosis (Susin et al., 1996). by caspase-3 may result in the destruction of these
proteins.AIF was released from mitochondria through the open-

ing of “permeability transition (PT) pores” that are regu-
lated by Bcl-2 protein (Susin et al., 1996). Once released, How Does DFF Induce DNA Fragmentation?
AIF was sufficient to induce nuclear apoptotic events in It is unlikely that DFF is a nuclease that directly cleaves
coincubated nuclei (Susin et al., 1996; Zamzami et al., chromatin DNA. Indeed, DFF showed no DNase activity
1996). The activity of AIF was not sensitive to caspase- when incubated with naked DNA (Figure 3, lanes 11–12).
3-specific tetrapeptide inhibitor (Zamzami et al., 1996). It is therefore likely that DFF activates a nuclease(s)
One difference between the work of Susin et al. and the that resides in nuclei. One candidate is a Ca11/Mg11-
current studies is that Susin et al. start with mitochondria dependent nuclease that was described previously
undergoing permeability transition induced by the treat- (Gaido and Cidlowski, 1991; Nikonova et al., 1993;
ment of atractyloside (Susin et al., 1996). In our studies, Peitsch et al., 1993). Interestingly, incubation of nuclei
cytosolic extracts are derived from nonapoptotic cells, with high concentrations of Ca11 (5 mM) is sufficient to
and caspase-3 is activated by overexpression in bacte- induce DNA fragmentation indistinguishable from that
ria. It is possible that cells have two systems by which induced by DFF, even though the activity of DFF does
mitochondria activate apoptosis: (1) by release of cyto- not require additional Ca11 (McConkey, 1996; X. L. and
chrome c, which leads to activation of caspase-3, which X. W., unpublished data). To activate a nuclear DNase,
in turn activates DFF; and (2) by direct release of AIF, DFF might either translocate into the nuclei or interact
which acts independently of caspase-3. We have no with a specific protein(s) on the outer surface of the
evidence that DFF is derived from mitochondria, and nuclear envelope, to trigger a signal transduction path-
we have found the same amount of latent DFF in cytosol way that activates a nuclease. All of these questions
from wild-type cells and from those overexpressing should be answerable now that purified DFF is available.
Bcl-2 (X. L. and X. W., unpublished data).

Experimental Procedures
Activation of DFF
The activation of DFF is dependent on the activation General Methods and Materials

We obtained Ac-Tyr-Val-Ala-Asp-aldehyde (Ac-YVAD-CHO) fromof caspase-3. Caspase-3, in turn, is activated through
Biochem and Bioscience Inc.; Ac-Asp-Glu-Ala-Asp-aldehyde (Ac-cleavage at two aspartic residues that cleave the 32
DEAD-CHO) as described in Wang et al. (1995a); proteinase K andkDa precursor into a 20 kDa and a 10 kDa heterodimeric
DNase-free RNase A from Worthington; and Coomassie brilliant

fragment (Nicholson et al., 1995; Wang et al., 1996). blue, molecular weight standards for SDS–PAGE, and gel filtration
Apoptotic signals such as serum withdrawal, activation chromatography from Bio-Rad. Protein concentrations were deter-
of Fas, and treatment with ionizing radiation and a vari- mined by the Bradford Method. General molecular biology methods

were as in Sambrook et al. (1989). HeLa cell cytosol was preparedety of pharmacological agents induce the activation of
as described in Liu et al. (1996b).caspase-3 (Darmon, et al., 1996; Chinnaiyan et al., 1996;

Dubrez, et al., 1996; Erhardt and Cooper, 1996; Hase-
Assay for DFFgawa et al., 1996; Jacobson et al., 1996; Schlegel et al,
Caspase-3 was prepared as described in Liu et al. (1996a). The1996). In the case of cytotoxic T cells, caspase-3 in the
purified enzyme was stored in buffer A (20 mM HEPES–KOH (pH

target cells is activated directly by granzyme B (Darmon 7.5), 10 mM KCL, 1.5 mM MgCl, 1 mM sodium EDTA, 1 mM sodium
et al., 1996; Martin et al., 1996; Quan et al., 1996). During EGTA, 1 mM DTT, and 0.1 mM PMSF) containing 20% glycerol and
Fas-induced apoptosis, another member of the caspase 1 mg/ml bovine serum albumin (BSA) in multiple aliquots at 2808C.

Hamster liver nuclei were prepared as described in Liu et al. (1996b);family, caspase-8 (Mach/Flice/Mch5), is proposed to be
HeLa cell nuclei and nuclear extract were prepared as in Wang etactivated by interacting directly with the Fas signaling
al. (1993). Purified nuclei were resuspended in buffer B (10 mMcomplex onthe cell membrane (Boldin et al.,1996; Muzio
PIPES [pH 7.4], 80 mM KCl, 20 mM NaCl, 5 mM sodium EGTA, 250

et al., 1996). The activated caspase-8 is able to activate mM sucrose, and 1 mM DTT) at 8.5 3 107 nuclei/ml and stored in
caspase-3, either directly or through a caspase cascade multiple aliquots at 2808C. The DNA fragmentation was assayed by
(Muzio et al., 1997). Overexpression of Bcl-2, an anti- incubating an aliquot (7 ml) of hamster liver or HeLa cell nuclei and

6 ml of caspase-3 with the indicated enzyme fractions at 378C for 2apoptosis protein that is mainly located on the outer
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hr in a final volume of 60 ml adjusted with buffer A. After incubation, ml of 1 M Tris–HCl (pH 8.0) was added to the reaction, followed by
incubation at room temperature for 1 hr. The sample was then dia-330 ml of buffer C (100 mM Tris–HCl [pH 8.5], 5 mM EDTA, 0.2 M

NaCl, 0.2% w/v SDS, and 0.2 mg/ml proteinase K) was added to lyzed against buffer F (20 mM Tris–HCl [pH 7.5], 10 mM KCl, 1.5
mM MgCl2, 1 mM sodium EDTA, 1 mM sodium DGTA, 1 mM DTT,each reaction and incubatedat 378C overnight.NaCl was then added

to a final concentration of 1.5 M, and the nuclear debris was spun 1 mM PMSF) at 48C overnight.
down for 15 min in a microcentrifuge at room temperature. The DNA
in the supernatant was precipitated with an equal volume of 100% cDNA Cloning of DFF-45
ethanol. The DNA precipitate was washed once with 70% (v/v) etha- Hela Poly(A)1 mRNA was purified using Rapid mRNA Purification
nol and resuspended in 40 ml of buffer D (10 mM Tris–HCl [pH 7.5], kit (Pharmacia). First-strand cDNA synthesis was carried out using
1 mM sodium EDTA, and 200 mg/ml DNase-free RNase A). After a First-Strand cDNA Synthesis kit with oligo(dT) primers (Phar-
incubation at 378C for 2 hr, the DNA was loaded onto a 2% agarose macia). The cDNA was amplified with 40 pmol oligonucleotide
gel, and electrophoresis was conducted at 50 V for 2 hr in 0.5 3 59-GGCACGAGCTCCAGATGCTTGTT-39 and 40 pmol oligonucleo-
Tris–borate–EDTA (TBE) buffer (1 3 TBE buffer contains 90 mM tide 59-CAGCCAATGCTTTGGGGTCTTCC-39 designed from an EST
Tris–borate/2 mM EDTA). The gel was stained with 2 mg/ml ethidium clone (#116412) that encodes one of the DFF-45 peptide sequences
bromide for 15 min, destained with water for 1 hr, and visualized (Figure 10A, underlined). A 395 bp PCR product was subcloned into
under UV light. the PCR II vector using the TA cloning kit (Invitrogen) and se-

quenced. The 395 bp PCR product was subsequently labeled with
[32P]dCTP using redi prime RANDOM Primer Labelling kit (Amer-Purification of DFF from HeLa S-100
sham) and used to screen a Hela lgt11 cDNA library by hybridizingAll purification steps were carried out at 48C. All chromatography
duplicate filters at 428C for 3 hr in Rapid-hyb buffer (Amersham).steps except the SP-Sepharose column and the phenyl-Sepharose
The filters were washed twice with 13 saline citrate (SSC)/ 0.1%column were carried out using an automatic fast protein liquid chro-
SDS for 15 min at room temperature and once with 0.5 3 SSC/0.1%matography (FPLC) station (Pharmacia).
SDS for 10 min at 658C. Out of 8 3 105 plaques screened, a 1.3 kbHeLa S-100 (750 ml) from 100 liters of suspension-cultured HeLa
partial length clone was identified and subcloned into the EcoRIcells were applied to a SP-Sepharose column (200 ml bed volume)
site of PCRII vector (In Vitro Gene). A 1.0 kb EcoRI/BamHI fragmentequilibrated with buffer A. The column was washed with three col-
was excised from the 59 end of the 1.3 kb insert and labeled withumn volumes of buffer A and eluted with two column volumes of
dCTP as described above. A Hela l Exlox library (Yokoyama et al.,buffer A containing 0.5 mM NaCl. Ammonium sulfate (1 M) was
1993) was screened with this 1 kb cDNA fragment as describedadded directly to the Sp-Sepharose 0.5 M eluate. After rotating at
above. In 6 3 105 plaques screened, 30 positive clones were identi-48C for 1 hr, the sample was centrifuged at 15,000 rpm for 30 min
fied. A 1.6 kb clone that contains the longest open reading framein a Sovall JA-600 rotor. The supernatant was directly loaded onto
was sequenced in both strands in an automated sequencer.a 100 ml phenyl-Sepharose column equilibrated with buffer A con-

taining 1 M ammonium sulfate and 0.5 M NaCl. The column was
Production of DFF-45 Fusing Proteinwashed with three bed volumes of buffer A containing 1 M ammo-
The primers 59-CCCACCTTGTGGCATATGGAGGTGACCGGGA-39nium sulfate and 0.5 M NaCl, and the bound material was eluted
and 59-TGTAATTAGAGGAGGCTCGAGATTGTTGGTGCAGCTATwith two bed volumes of buffer A. Ammonium sulfate was added
ATCATT- 39 were designed to PCR amplify the DFF-45 cDNA opento the phenyl-Sepharose eluate to 50% saturation. After stirring at
reading frame, and the amplified cDNA was subcloned in-frame48C for 5 hr, the sample was centrifuged at 15,000 rpm for 15 min
into the NdeI/XhoI sites of the bacterial expression vector pET-15bin a Sovall JA-600 rotor. The pellet was resuspended in buffer A and
(Novagen). The expression plasmid was transformed into bacterialoaded onto a Superdex-200 16/60 gel filtration column (Pharmacia),
BL21(DE3). In a typical DFF-45 preparation, a 10 ml overnight-cul-equilibrated with buffer A, and eluted with the same buffer. Fractions
tured bacteria containing DFF-45 expression vector was added intoof 4 ml were collected and assayed for DFF activity. The active
a 500 ml LB broth and cultured for 3 hr by shaking at 220 rpm infractions from the gel filtration column were pooled and loaded onto
378C, and then isopropyl-1-thio-B-D-galactopyranoside (IPTG) wasa Mono S 10/10 column (Pharmacia) equilibrated with buffer A. The
added to a final concentration of 1 mM and cultured for another 2column was washed with 50 ml of buffer A and eluted with a 200
hr. The bacterial pellet was resuspended in 10 ml of buffer A andml 0–0.2 M linear NaCl gradient. Fractions of 4 ml were collected
broken by sonication. After centrifugation at 4000 3 g for 15 min,and assayed for DFF activity. The active fractions from the Mono S
the supernatant was loaded onto a nickel affinity column (6 ml). Thecolumn were pooled and loaded onto a 1 ml hydroxyapatite column
column was washed with 30 ml of buffer A containing 1 M NaCl,(Bio-Rad) equilibrated with buffer A. The column was washed with
followed by 20 ml of buffer A. The column was eluted with buffer A10 ml of buffer A, and the bound material was eluted with 0–0.25
containing 250 mM imidazole. About 10 mg of DFF-45 protein wasM linear phosphate gradient. Fractions of 1 ml were collected and
purified from a 500 ml culture.assayed for DFF activity. The active fractions were pooled and

loaded onto a Mono Q 5/5 column (Pharmacia) equilibrated with
Acknowledgmentsbuffer A. The column was washed with 10 ml of buffer A containing

0.1 M NaCl, and DFF was eluted from the column with a 30 ml
Correspondence regarding this paper should be addressed to X. W.0.1–0.3 M linear NaCl gradient. Fractions of 1 ml were collected and
We thank Caryn Naekyung Kim and Alexis Lutschg for excellentassayed for DFF activity.
technical assistance. We thank Carolyn Moomaw and Steve Afendis
for help with the protein sequencing analysis and Dr. Bikash Pea-Western Blot Analysis
manik for assistance with the mass spectrometry analysis. We areA monoclonal antibody against human PARP (c-2–10) was used as
grateful to our colleagues Drs. Joseph Goldstein and Michael Browndescribed in Kaufmann et al. (1993). A monoclonal antibody against
for critically reading themanuscript. Suspension-cultured HeLa cellshuman lamin B1 was from Calbiochem. Anti-DFF-45 anti-serum was
were obtained from the Cell Culture Center in Minneapolis, Minne-generated by immuning rabbits with a recombinant DFF-45 fusion
sota. X. W. is supported by an American Cancer Society Researchprotein (see below). Immunoblot analysis was performed with the
Grant and a Junior Faculty Award.horseradish peroxidase–conjugated goat anti-mouse (PARP and

lamin B1) or goat anti-rabbit (DFF-45) immunoglobulin G using En-
Received February 10, 1997; revised March 5, 1997.hanced Chemiluminescence (ECL) Western Blotting Detection Re-

agents (Amersham).
References

Biotinylation of DFF
Alnemri, E.S., Livingston, D.J., Nicholson, D.W., Salvesen, G.,The biotinylation of DFF was carried out using an ECL protein bio-
Thornberry, N.A., Wong, W.W., and Yuan, J. (1996). Human ICE/tinylation kit (Amersham) with modifications. Briefly, 0.6 mg of puri-
CED-3 protease nomenclature. Cell 87, 171.fied DFF was incubated with 10 ml of biotinylation reagent in 120 ml

of 40 mM bicarbonate buffer at room temperature for 1 hr. Then 20 Armstrong, R.C., Aja, T., Xiang, J., Gaur, S., Krebs, J.F., Hoang, K.,



DNA Fragmentation Factor Downstream of Caspase-3
183

Bai, X., Korsmeyer, S.J., Karanewsky, D.S., Fritz, L.C., and Toma- (1997). The release of cytochrome c from mitochondria: a primary
site for bcl-2 regulation of apoptosis. Science 275, 1132–1136.selli, K.J. (1996). Fas-induced activation of the cell death–related

protease CPP32 Is inhibited by Bcl-2 and by ICE family protease Kuida, K., Zheng, T.S., Na, S., Kuan, C., Yang, D., Karasuyama, H.,
inhibitors. J. Biol. Chem. 271, 16850–16855. Rakic, P., and Flavell, R.A. (1996). Decreased apoptosis in the brain

and premature lethality in CPP32-deficient mice. Nature 384,Boldin, M.P., Goncharov, T.M., Goltsev, Y.V., and Wallach, D. (1996).
368–372.Involvement of MACH, a novel MORT1/FADD-interacting protease,

in Fas/Apo1– and TNF receptor–inducedcell death. Cell 85,803–815. Liu, X., Kim, C.N., Pohl, J., and Wang, X. (1996a). Purification and
characterization of an interleukin-1b converting enzyme family ofBoulakia, C.A., Chen, G., Ng, F.W., Teodoro, J.G., Branton, P.E.,
protease that activates cysteine protease p32 (CPP32). J. Biol.Nicholson, D.W., Poirier, G.G., and Shore, G.C. (1996). Bcl-2 and
Chem. 271, 13371–13376.adenovirus E1B 19 kDA protein prevent E1A-induced processing of

CPP32 and cleavage of poly(ADP-ribose) polymerase. Oncogene. Liu, X., Kim, C.N., Yang, J., Jemmerson, R., and Wang, X. (1996b).
12, 529–535. Induction of apoptotic program in cell-free extracts: requirement for

dATP and cytochrome c. Cell 86, 147–157.Caciola-Rosen, L., Nicholson, D.W., Chong, T., Rowan, K.R.,
Thornberry, N.A., Miller, D.K., and Rosen, A. (1996). Apopain/cpp32 Martin, S.J., Amarante-Mendes, G.P., Shi, L., Chuang, T.H., Casiano,
cleaves proteins that are essential for cellular repair: a fundamental C.A., O’Brien, G.A., Fitzgerald, P., Tan, E.M., Bokoch, G.M.,
principle of apoptotic death. J. Exp. Med. 183, 1957–1964. Greenberg, A.H., and Green, D.R. (1996). The cytotoxic cell protease

granzyme B initiates apoptosis in a cell-free system by proteolyticChinnaiyan, A.M., Orth, K., O’Rourke, K., Duan, H., Poirier, G.G., and
processing and activation of the ICE/CED-3 family protease, CPP32,Dixit, V.M. (1996). Molecular ordering of the cell death pathway.
via a novel two-step mechanism. EMBO J. 15, 2407–2416.Bcl-2 and Bcl-xL function upstream of the CED-3-like apoptotic

proteases. J. Biol. Chem. 271, 4573–4576. McConkey, D.J. (1996). Calcium-dependent, interleukin 1 beta–
converting enzyme inhibitor-insensitive degradation of lamin B1 andDarmon, A.J., Ley, T.J., Nicholson, D.W., and Bleackley, R.C. (1996).
DNA fragmentation in isolated thymocyte nuclei. J. Biol. Chem. 271,Cleavage of cpp32 by granzyme B represents a critical role for
22398–22406.granzyme B in the induction of target cell DNA fragmentation. J.
Monney, L., Otter, I., Olivier, R., Ravn, U., Mirzasaleh, H., Fellay, I.,Biol. Chem. 271, 21709–21712.
Poirier, G.G., and Borner, C. (1996). Bcl-2 overexpression blocksDatta, R., Banach, D., Kojima, H., Talanian, R.V., Alnemri, E.S., Wong,
activation of the death protease CPP32/Yama/apopain. Biochem.W.W., and Kufe, D.W. (1996). Activation of the CPP32 protease in
Biophys. Res. Comm. 221, 340–345.apoptosis induced by 1-beta-D-arabinofuranosylcytosine and other
Muzio, M., Chinnaiyan, A.M., Kischkel, F.C., O’Rourke, K., Shev-DNA-damaging agents. Blood 88, 1936–1943.
chenko, A., Scaffidi, C., Bretz, J.D., Zhang, M., Ni, J., Gentz, R., etDatta, R., Kojima, H., Banach, D., Bump, N.J.,Talanian, R.V., Alnemri,
al. (1996). FLICE, a novel FADD-homologous ICE/CED-3-like prote-E.S., Weichselbaum, R.R., Wong, W.W., and Kufe, D.W. (1997). Acti-
ase, is recruited to the CD95 (Fas/Apo-1) death-inducing signalingvation of a CrmA-insensitive, p35-sensitive pathway in ionizing radi-
complex. Cell 85, 817–827.ation-induced apoptosis. J. Biol. Chem. 272, 1965–1969.
Muzio, M., Salvesen, G.S., and Dixit, V.M. (1997). FLICE inducedDubrez, L., Savoy, I., Hamman, A., and Solary, E. (1996). Pivotal role
apoptosis in a cell-free system. J. Biol. Chem. 272, 2952–2956.of a DEVD-sensitive step in etoposide-induced and Fas-mediated
Na, S., Chuang, T.H., Cunningham, A., Turi, T.G., Hanke, J.H., Bo-apoptotic pathways. EMBO J. 15, 5504–5512.
koch, G.M., Danley, D.E. (1996). D4-GDI, a substrate of CPP32,

Enari, M., Talanian, R.V., Wong, W.W., and Nagata, S. (1996). Se-
is proteolyzed during Fas-induced apoptosis. J. Biol. Chem. 271,

quential activation of ICE-like and cpp32-like proteases during Fas-
11209–11213.

mediated apoptosis. Nature 380, 723–726.
Nicholson, W.D., Ali, A., Thornberry, N.A., Vaillancourt, J.P., Ding,

Erhardt, P., and Cooper, G.M. (1996). Activation of the CPP32 apo- C.K., Gallant, M., Gareau, Y., Griffin, P.R., Labelle, M., Lazebnik,
ptoticprotease by distinct signaling pathways with differential sensi- Y.A., et al. (1995). Identification and inhibition of the ICE/CED-3
tivity to Bcl-xL. J. Biol. Chem. 271, 17601–17604. protease necessary for mammalian apoptosis. Nature 376, 37–43.
Fernandes-Alnemri, T.G., Litwack, G., and Alnemri, E.S. (1994). Nikonova, L.V., Beletsky, I.P., and Umansky, S.R. (1993). Properties
cpp32, a novel human apoptotic protein with homology to Caeno- of some nuclear nucleases of rat thymocytes and their changes in
rhabditis elegans cell death protein CED-3 and mammalian interleu- radiation-induced apoptosis. Eur. J. Biochem. 215, 893–901.
kin-1b-converting enzyme. J. Biol. Chem. 269, 30761–30764.

Peitsch, M.C., Polar, B., Stephan, H., Crompton, T., MacDonald,
Gaido, M.L., and Cidlowski, J.A. (1991). Identification, purification, H.R., Mannherz, H.G., and Tschopp, J. (1993). Characterization of
and characterization of a calcium-dependent endonuclease (NUC18) the endogenous deoxyribonuclease involved in nuclear DNA degra-
from apoptotic rat thymocytes. J. Biol. Chem. 266, 18580–18585. dation during apoptosis (programmed cell death). EMBO J. 12,
Goldberg, Y.P., Nicholson, D.W., Rasper, D.M., Kalchman, M.A., 371–377.
Koide, N.A., Vaillancourt, J.P., and Hayden, M.R. (1996). Cleavage Quan, L.T., Tewari, M., O’Rourke, K., Dixit, V., Snipas, S.J., Poirier,
of huntingtin by apopain, a proapoptotic cysteine protease, is modu- G.G., Ray, C., Pickup, D.J., and Salvesen, G.S. (1996). Proteolytic
lated by the polyglutamine tract. Nat. Genet. 13, 442–449. activation of the cell death protease Yama/CPP32 by granzyme B.

Proc. Nat. Acad. Sci. USA 93, 1972–1976.Hasegawa, J., Kamada, S., Kamiike, W., Shimizu, S., Imazu, T., Mat-
suda, H., and Tsujimoto, Y. (1996). Involvement of CPP32/Yama Sambrook, J., Fritsch, E.F., and Maniatis, T. (1989). Molecular Clon-
(-like) proteases in Fas-mediated apoptosis. Cancer Res. 56, 1713– ing: A Laboratory Manual, Second Edition (Cold Spring Harbor: Cold
1718. Spring Harbor Laboratory Press).
Ibrado, A.M., Huang, Y., Fang, G., Liu, L., and Bhalla, K. (1996). Schlegel, J., Peters, I., Orrenius, S., Miller, D.K., Thornberry, N.A.,
Overexpression of Bcl-2 or Bcl-xL inhibits Ara-C-induced CPP32/ Yamin, T.T., and Nicholson, D.W. (1996). CPP32/apopain is a key
Yama protease activity and apoptosis of human acute myelogenous interleukin 1 beta converting enzyme-like protease involved in Fas-
leukemia HL-60 cells. Cancer Res. 56, 4743–4748. mediated apoptosis. J. Biol. Chem. 271, 1841–1844.

Jacobson, M.D., Weil, M., and Raff, M.C. (1996). Role of Ced-3/ Song, Q., Lees-Miller, S.P., Kumar, S., Zhang, Z., Chan, D.W., Smith,
ICE-family of proteases in staurosporine-induced programmed cell G.C., Jackson, S.P., Alnemri, E.S., Litwack, G., Khanna, K.K., and
death. J. Cell. Biol. 133, 1041–1051. Lavin, M.F. (1996). DNA-dependent protein kinase catalytic subunit:

a target for an ICE-like protease in apoptosis. EMBO J. 15, 3238–Kaufmann, S.H., Desnoyers, S., Ottaviano, Y., Davidson, N.E., and
3246.Poirier, G.G. (1993). Specific proteolytic cleavage of poly(ADP-

ribose)polymerase: an early marker of chemotherapy-induced Song, Z., McCall, K., and Steller, H. (1997). DCP-1, a Drosophila cell
apoptosis. Cancer Res. 53, 3976–3985. death protease essential for development. Science 275, 536–540.

Susin, S.A., Zamzami, N., Castedo, M., Hirsch, T., Marchetti, P.,Kluck, R.M., Bossy-Wetzel, E., Green, D.R., and Newmeyer, D.D.



Cell
184

Macho, A., Daugas, E., Geuskens, M., and Kroemer, G. (1996). Bcl-2
inhibits the mitochondrial release of an apoptogenic protease. J.
Exp. Med. 184, 1331–1341.

Tewari, M., Quan, L., O’Rourke, K., Desnoyers, S., Zeng, Z., Beidler,
D.R., Poirier, G.G., Salvesen, G.S., and Dixit, V.M. (1995). Yama/
CPP32b, a mammalian homolog of ced-3, is a CrmA-inhibitable
protease that cleaves the death substrate poly(ADP-ribose) poly-
merase. Cell 81, 801–809.

Wang, X., Briggs, M.R., Hua, X., Yokoyama, C., Goldstein, J.L., and
Brown, M.S. (1993). Nuclear protein that binds sterol regulatory
element of low density lipoprotein receptor promoter. II. Purification
and characterization. J. Biol. Chem. 268, 14497–14504.

Wang, X., Pai, J., Wiedenfeld, E.A., Medina, J.C., Slaughter, C.A.,
Goldstein, J.L., and Brown, M.S. (1995). Purification of an
interleukin-1b converting enzyme–related cysteine protease that
cleaves sterol regulatory element-binding proteins between the leu-
cine zipper andtransmembrane domains. J. Biol. Chem. 270, 18044–
18050.

Wang, X., Zelenski, N.G., Yang, J., Sakai, J., Brown, M.S., and
Goldstein, J.L. (1996a). Cleavage of sterol regulatory element bind-
ing proteins (SREBPs) by cpp32 during apoptosis. EMBO J. 15,
1012–1020.

Wang, Z.-Q., Auer, B., Stingl, L., Berghammer, H., Haidacher, D.,
Schweiger, M., and Wagner, E.F. (1995b). Mice lacking ADPRT and
poly(ADP-ribosyl)ation develop normally but are susceptible to skin
disease. Genes Dev. 9, 509–520.

White, E. (1996). Life, death and pursuit of apoptosis. Genes Dev.
10, 1–15.

Wyllie, A.H. (1980). Glucocorticoid induced thymocyte apoptosis is
associated with endogeneous endonuclease activation. Nature 284,
555–556.

Wyllie, A.H. (1995). The genetic regulation of apoptosis. Curr. Opin.
Genet. Dev. 5, 97–104.

Xue, D., Shaham, S., and Horvitz, H.R. (1996). The Caenorhabditis
elegans cell-death protein CED-3 is a cysteine protease with sub-
strate specificities similar to those of human cpp32 protease. Genes
Dev. 10, 1073–1083.

Yang, J., Liu, X., Bhalla, K., Kim, C.N., Ibrado, A.M., Cai, J., Peng,
T-I., Jones, D.P., and Wang, X. (1997). Prevention of apoptosis by
bcl-2: release of cytochrome c from mitochondria blocked. Science
275, 1129–1132.

Yokoyama, C., Wang, X., Briggs, M.R., Admon, A., Wu, J., Hua, X.,
Goldstein, J.L., and Brown, M.S. (1993). SREBP-1, a basic-helix-
loop-helix-leucine zipper protein that controls transcription of the
low density lipoprotein receptor gene. Cell 75, 187–197.

Yuan, J.-Y., Shaham, S., Ledoux, S., Ellis, M.H., and Horvitz, R.H.
(1993). The C. elegans cell death gene ced-3 encodes a protein
similar to mammalian interleukin-1b converting enzyme. Cell 75,
641–652.

Zamzami, N., Susin, S.A., Marchetti, P., Hirsch, T., Gomez-Monter-
rey, I., Castedo, M., and Kroemer, G. (1996). Mitochondrial control
of nuclear apoptosis. J. Exp. Med. 183, 1523–1544.

GenBank Accession Number

The accession number for the DFF-45 cDNA sequence reported in
this paper is U91985.


