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Reaper-induced dissociation of a Scythe-sequestered
cytochrome c-releasing activity

chondria to the cytosol. In the cytosol, cytochroroe
serves as a cofactor, with the protein Apaf-1, to activate
pro-caspase 9. Active caspase 9 then activates other
caspases, most notably one of the prominent effector
caspases, caspase 3 (laual., 1996; Klucket al., 1997;

Zou et al,, 1997).

The activation of caspases and, ultimately, apoptosis
can be blocked by members of several different protein
families. Those characterized most well are the IAP
(inhibitor of apoptosis) proteins and anti-apoptotic mem-
bers of the Bcl-2 family (Adams and Cory, 1998; Deveraux
and Reed, 1999). A growing number of proteins in the
Bcl-2 family can modulate apoptosis either positively or
negatively. At least in vertebrate cells, it appears that the
primary locus of Bcl-2 family action is the mitochondrion.
Bcl-2 and its relative Bcl-xL can suppress mitochondrial
cytochromec release, while several of the pro-apoptotic
Bcl-2 family members, including Bid, Bax and Bak, can
accelerate its release (let al, 1998; Luoet al, 1998;
Desagheet al, 1999; Griffithset al.,, 1999; Gros<t al.,
1999). Interestingly, it was recently reported that Bcl-2
family members can bind to the mitochondrial voltage-
dependent anion channel to modulate cytochromsdease
(Shimizuet al., 1999).

IAPs were first described as baculoviral proteins
involved in the suppression of virally induced host cell
death (Crooket al, 1993; Birnbaumet al., 1994; Clem
and Miller, 1994). Subsequently, it has been shown that
cellular 1APs exist in a number of species examined, and
human IAPs Xiap, c-lapl and c-lap2 can all prevent pro-
caspase activation. Baculoviral IAP repeat (BIR) domains
present in all of the IAPs are necessary, and in some cases
sufficient, to suppress caspase activation and apoptosis
(Roy et al, 1997; Deverauxet al, 1998; Takahashi
et al, 1998). The precise molecular mechanism of this
Apoptosis is a program of cellular suicide, which leads to suppression is not yet understood.
the elimination of excess or damaged cells while leaving ~ Genetic analysis in several organisms has successfully
neighboring cells unperturbed. Apoptosis is critical for identified novel apoptotic regulators which, acting in
organismal homeostasis in the adult and is an integral partconjunction with proteins such as IAPs, caspases and
of the developmental program in all metazoans (Vaux Bcl-2 family members, are critical for implementation
et al, 1994; Steller, 1995). of the cell death program. In an extensive analysis of

With a few exceptions, cellular death by apoptosis is chromosomal deletion mutants in the Byosophila mel-
executed by a family of aspartate-directed cysteine pro- anogasterSteller and colleagues identified a chromosomal
teases known as the caspases (Chinnaiyan and Dixit,region containing a number of genes critical for pro-
1996). These enzymes, responsible for cleaving a batterygrammed cell death occurring during embryonic develop-
of proteins during apoptotic cellular execution, are synthe- ment (White et al., 1994). Three genes in this region
sized as inactive zymogens. Activation of pro-caspasesencode Reaper, Hid and Grim proteins, which are potent
can be triggered by binding of regulatory proteins to their cell death inducers (Grethest al, 1995; Chenet al,
pro-domains (most likely inducing pro-caspase oligo- 1996b; Whiteet al, 1996). In their absence, cell death is
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Reaper is a potent apoptotic inducer critical for pro-
grammed cell death in the flyDrosophila melanogaster
While Reaper homologs from other species have not
yet been reported, ectopic expression of Reaper in
cells of vertebrate origin can also trigger apoptosis,
suggesting that Reaper-responsive pathways are likely
to be conserved. We recently reported that Reaper-
induced mitochondrial cytochrome c release and cas-
pase activation in a cell-free extract ofXenopuseggs
requires the presence of a 150 kDa Reaper-binding
protein, Scythe. We now show that Reaper binding to
Scythe causes Scythe to release a sequestered apoptotic
inducer. Upon release, the Scythe-sequestered factor(s)
is sufficient to induce cytochromec release from puri-
fied mitochondria. Moreover, addition of excess Scythe
to egg extracts impedes Reaper-induced apoptosis,
most likely through rebinding of the released factors. In
addition to Reaper, Scythe binds two otherDrosophila
apoptotic regulators: Grim and Hid. Surprisingly, how-
ever, the region of Reaper which is detectably homolog-
ous to Grim and Hid is dispensable for Scythe binding.
Keywords apoptosis/cytochromereleasing activity/
Reaper/Scythe

Introduction

merization) or through cleavagen trans by already
activated caspases (Muzd al., 1998; Yanget al., 1998).

abrogated, while ectopic expression of these genes pro-
motes apoptotic death not only in fly cells, but in human

In many instances, apoptotic pathways leading to caspasecells as well (Claveriat al,, 1998; McCarthy and Dixit,

activation proceed via signaling-induced release of
cytochromec from the intermembrane space of the mito-
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1998; Haininget al., 1999).
In an effort to understand the mechanism of action of
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Scythe-sequestered cytochrome c-releasing activity

Reaper protein, we produced recombinant Reaper and 5 ¢ |
examined its effects in cell-free extracts prepared from £
Xenopuseggs. While these extracts will spontaneously £ o5 |
release mitochondrial cytochromseand activate endogen- = »
ous caspases after prolonged incubation at room temper- = | i:f’r’*dd""’“
ature (~4.5-7 h), Reaper addition greatly accelerated this < ——Ror + Scythe
process, triggering mitochondrial cytochroroerelease, £ O Ror + GST
caspase activation and fragmentation of added nuclei § 03 1
within ~1.5-2 h (Newmeyeet al, 1994; Evanset al., <
1997a,b). g 027

As Reaper is a very small protein (65 amino acids) with >

A 0.1 -

no significant homology to known signaling molecules and — T
no evident catalytic function, we searched for Reaper- 0 30 6 5 120 150
interacting molecules potentially required for Reaper- Hixoe (ninutes)
induced apoptosis. In doing so, we identified a 150 kDa Fig. 1. Recombinant Scythe inhibits Reaper-induced caspase activity.
Reaper-binding protein, which was named Scythe (ThressRecombinant Reaper (Rpr) protein alone (300ugér Reaper in
et L, 1998). Wil the primary amino acid sequence of (RSl Yol Stiaes S o e el Sofe
Scythe (.:“d not prowde any clues as to its mechanism of times?ZpI aliquots of extract W([e)re a%galyzed for' caspase activity using
action, immunodepletion of Scythe froddenopusegg a DEVD-pNA cleavage assay.
extracts eliminated Reaper-induced cytochramelease,
caspase activation and the induction of apoptotic nuclear
fragmentation. Moreover, a truncated variant of Scythe binant Reaper and monitored apoptotic progression. Sur-
(Scythe C312), consisting of the C-terminal 312 amino prisingly, we found that addition of excess full-length
acids of Scythe fused to glutathiosgtransferase (GST),  Scythe suppressed, rather than accelerated, Reaper-induced
induced apoptosis in the egg extracts very effectively, caspase activation (Figure 1) and morphological apoptosis
even in the absence of Reaper. Scythe C312 protein(data not shown). These data raised the possibility that
induced mitochondrial cytochromerelease inXenopus Scythe might have intrinsic anti-apoptotic activity that
egg extracts, but could not trigger cytochromeelease could be antagonized by Reaper. Intriguingly, we found
from purified mitochondria, indicating a requirement for that spontaneous apoptosis following prolonged incubation
accessory cytosolic factors. Collectively, these experiments of egg extracts at room temperature was also inhibited by
led to the conclusion that Scythe was a novel apoptotic addition of excess Scythe, reinforcing the hypothesis that
regulator required in the pathway of Reaper-induced Scythe is inherently anti-apoptotic (data not shown).
apoptosis, but that additional factors were required to Importantly, excess Scythe was not able to inhibit apoptosis
promote Reaper-induced cytochrorogelease and con- induced by the addition of low levels of recombinant
sequent caspase activation. caspase 8 (not shown), demonstrating that excess Scythe
In this report, we demonstrate that Scythe sequestersdid not destroy the competence of the extract to undergo
positive regulators of apoptosis that, when not bound by apoptosis.
Scythe, can trigger cytochrome release from purified
mitochondria in the absence of other cytosolic components. A Scythe-sequestered apoptotic inducer is
Importantly, we show that this cytochromereleasing released by Reaper
activity is liberated when Reaper binds to Scythe, provid- Since immunodepletion of Scythe from egg extracts pre-
ing a mechanistic explanation for the Scythe requirement vents Reaper-induced apoptosis, but Scythe itself appeared
in Reaper-induced apoptosis. to be anti-apoptotic, we suspected that a pro-apoptotic
factor required for Reaper-induced apoptosis might be
bound to, and co-depleted with, Scythe. A model for at
least one pathway of Reaper-induced apoptosis, based on
Excess Scythe inhibits Reaper-induced apoptosis this hypothesis, is shown in Figure 2A. According to this
We previously reported that Scythe C312 could induce model, endogenous Scythe in the extract sequesters a pro-
mitochondrial cytochrome release and consequent cas- apoptotic factor (‘X’). Upon binding of Reaper to Scythe,
pase activation upon addition to egg extracts. According ‘X’ is released, thereby triggering mitochondrial
to this scenario, Scythe C312 was an ‘activated’ Reaper- cytochromec release and consequent caspase activation.
independent Scythe variant, mimicking a conformation This model would account for the inability of full-length
characteristic of Reaper-bound Scythe. Indeed, addition Scythe to induce apoptosis, as well as the observation that
of excess recombinant Scythe on its own never triggered excess Scythe could inhibit Reaper-induced apoptosis;
apoptosis, suggesting that this excess Scythe could notafter Reaper-induced release of ‘X’ from a subpopulation
adopt an activated C312-like pro-apoptotic conformation of Scythe, excess Scythe would simply resequester ‘X'.
in the absence of Reaper. Nonetheless, we reasoned thathis hypothesis predicts that immunoprecipitates of Scythe
co-addition of Reaper along with excess full-length Scythe should contain a pro-apoptotic factor susceptible to release
might produce a particularly robust apoptotic response, from the precipitate following addition of Reaper protein.
perhaps leading to swifter or greater caspase activation To test this hypothesis, we linked either anti-Scythe or
than that induced by Reaper alone. To test this, we addedpre-immune sera to protein A—Sepharose, incubated these
300 ngul exogenous Scythe protein (~5-fold that found ‘beads’ in crudeXenopusegg extract, and then pelleted
endogenously) t&Xenopusegg extracts along with recom-  and washed the beads. The washed precipitates were then

Results
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this model, Scythe is normally bound to and sequesters a pro-apoptotic — 7 .
activity, here denoted as factor ‘X’. Upon Reaper (Rpr) addition to the Pre  Some Soye P GST Rpe GST Rpr
Ab Ah

extract, Rpr binds to Scythe, thus causing the release of factor ‘X’

from Scythe. Factor ‘X’ is then free to induce cytochromeelease

and subsequent caspase activati@). o test the above model, Sqme—s S [

endogenous Scythe (bound to factor ‘X’) is immunoprecipitated using

Scythe antibody linked to protein A—Sepharose beads. The beads are

then pelleted, washed, and incubated with recombinant Reaper protein 1z 3 4 5 & 7T %

(Rpr) to induce release of factor ‘X’ into the supernatant. The beads ) ) ) o
are spun out to remove Scythe and remaining Scythe-associated Fig. 3. Reaper-induced release of a pro-apoptotic activity from Scythe.

proteins, and the factor ‘X’-containing supernatant is concentrated and (A) Scythe antisera or pre-immune sera linked to protein A-Sepharose
added to Scythe-depleted extracts. beads were incubated witkenopusegg extracts fol h at4°C. After

immunoprecipitation, the beads were washed and resuspended in ELB.
The washed beads were then incubated with either recombinant GST

incubated with either GST protein or with GST—Reaper or GST-Reaper (Rpr) for 30 min at room temperature. The beads were
spun out and the supernatant concentrated ~10-fold by centrifugation

in ordef to initiate the, release of the presumptlve PrO- in microcon 10s for 20 min at 4°C. The resulting samples were added
apoptotic factor(s) ‘X’ into the supernatant (Figure 2B). 1:10 to Scythe-depleted egg extract and, at the indicated timgls, 2
After removal of the bead-bound material (including aliquots of extract were processed for DEVD-pNA cleavage activity.
Scythe and Reaper) by centrifugation, the residual super-(B) The activity released by Reaper is heat labile. Immunoprecipitates

from protein A-linked Scythe antibody (Scythe Ab) were incubated
natant was concentrated and added to a CIXIdBOpUS with recombinant Reaper (Rpr) protein as described above. After

egg extract that had bee_n entirely immunodepleted Of concentration, the supernatants were either added directly to Scythe-

endogenous Scythe protein. In agreement with the pro- depleted extracts or first incubated at 80°C for 10 min prior to

posed model, both caspase activation (Figure 3A) and addition to extracts.) Apoptotically active supernatant does not

mitochondrial Cytochrome release (data not shown) were contain Scythe protein. Equivalent amounts of the indicated samples

ind db terial rel df the Scvthe i were separated by SDS—-PAGE, processed for immunoblotting using

”’? .uce y material release rom e .Cy € Immunopre- anti-Scythe sera, and Scythe protein visualized via a

cipitate by Reaper. GST alone did not induce the releasechemiluminescence detection kit (Amersham). Pre, samples

of such an activity from the Scythe immunoprecipitate. immunoprecipitated with pre-immune ‘beads’; Scythe Ab, samples

In addition, Reaper did not induce the release of pro- immunoprecipitated with anti-Scythe ‘beads’; GST, supernatant treated
) i g with GST protein; Rpr, supernatant treated with Rpr protein. Shown in

apoptotic factors from the pre-immune b(_aads (|nd|_cat|ng, lanes 1 and 2 are proteins remaining in the extract after

as expected, _that t_hat any Reape_r _Camed over into thejmmunoprecipitation with pre-immune or immune sera. Lanes 3 and 4

supernatant did not induce apoptosis in the Scythe-depletedshow Scythe present in the immune but not pre-immune precipitate.

extract), nor did GST induce the release of such activity As seen in lanes 5-8, none of the ‘released’ supernatants contain

from the Scythe immunoprecipitate. The activity released detectable Scythe protein.

by Reaper appeared to be heat labile, as incubation of the

supernatant at 80°C for 10 min inactivated the pro- is very unlikely that Scythe—Reaper complexes carried

apoptotic factor(s) in the supernatant (Figure 3B). More- over into the Scythe-depleted extract (see also below).

over, the apoptotically active supernatant obtained when As described in Figure 1, recombinant Scythe, when

GST-Reaper was added to Scythe precipitates did notpresent in excess, can inhibit Reaper-induced apoptosis.

contain any detectable Scythe protein (Figure 3C), so it One potential explanation for this observation is that
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B mitochondria. Mitochondria isolated froddenopusegg extracts and
a further purified by centrifugation through a percoll gradient were
E 0.27 diluted 1:10 into ELB containing an ATP-regeneration mix. The
indicated supernatants obtained as described above were added 1:10 to
C ) 30 60 90 120 the mitochondria at room temperature and at the indicated timegs 25
Time (minutes) of the mixture were filtered through a O microfilter. Aliquots of
g Subsequently filtrate (10pl) were separated by SDS—-PAGE and processed for
2 057 » lncu_b]';\wd inuu_b;ted Western blotting using an anti-cytochrormenonoclonal antibody.
g E = with: with:
:; 0.4 1 —— Scythe Ab  Rpr
o —&—Scythe Ab Rpr  +  BokxL by Reaper, we added recombinant Bcl-xL protein to the
5 098] —o— No addition released supernatant; this protein very effectively inhibited
s the induction of caspase activity by the released factor(s)
& 0.2 ] ;
2 ] (Figure 4C).
aQ
0.1 . - .
0 30 L 00 ey’® 12 The pro-apoptotic activity released from Scythe is

a direct inducer of mitochondrial cytochrome ¢
Fig. 4. Recombinant Scythe, but not Scythe C312, resequesters the release
pro-apoptotic activity. ) Immunoprecipitates from protein A-linked As we reported previously neither the C312 variant of

Scythe antibody (Scythe Ab) were incubated with recombinant Reaper . .
(Rpr) protein as described above. After concentration, the supernatants SCYthe nor recombinant Reaper can induce cytochrome

were either left untreated or incubated with equivalent amounts of release from purified mitochondria in the absence of
either recombinant Scythe or GST protein for 30 min at 4°C. The additional cytosolic components (Thres$ al, 1998).
resulting samples were added 1:10 to Scythe-depleted egg extract and Reaper added along with fuII-Iength recombinant Scythe

at the indicated times @l aliquots of extract were processed for . | . - in thi inforci h . h
DEVD-pNA cleavage activity.§) An assay identical to (A) was IS also Inactive In this assay, reintorcing the notion that

carried out, but instead of incubating the released, concentrated accessory factors are required for Scythe/Reaper-induced
supernatant with recombinant Scythe, the samples were incubated with cytochromec release. Potentially, the material released
recombinant Scythe C312 for 30 min at 4°C)(Recombinant Bcl-xL from Scythe immunoprecipitates by Reaper addition might

inhibits rel ivity. The rel ncentr. rnatant wi - - .

supzlfmgriizevc\j/itftrectgmbir?ari%islidﬁ ggdcaedctj:(;et% SSUCF;/?heE-léaeptlet:(i contain such factor_s. We mCUba.ted thg_varlo_us releas.ed

extracts, and at the indicated timesiPaliquots of extract were supernatants described above with purified mitochondria.

processed for DEVD-pNA cleavage As shown in Figure 5, the supernatant obtained from the
Reaper-treated Scythe immunoprecipitates triggered direct
cytochromec release from isolated mitochondria, while

the exogenously added Scythe can resequester the proenly low levels of background cytochronteefflux were

apoptotic factor(s) released upon Reaper addition. To observed in mitochondria treated with control supernatants

address this issue, we repeated the release experimentsr incubated with buffer alone. These data indicate that

described above, but prior to adding the released proteinsScythe sequesters cytochroraeeleasing activity which

to the Scythe-depleted extract, we supplemented the superis liberated following binding of Scythe to Reaper.

natant with either recombinant full-length Scythe or GST

protein. As shown in Figure 4A, incubation with Scythe, Scythe is not required downstream of

but not GST, prevented the released supernatant frommitochondrial cytochrome c release

inducing caspase activation. Collectively, these experi- Although the experiments described above firmly place

ments suggest that Reaper can trigger the release of a proScythe upstream of mitochondrial cytochrormeelease

apoptotic activity that, once liberated, can initiate cell in the pathway of Reaper-induced apoptosis, they do not

death through cytochronwrelease and caspase activation. preclude the possibility that Scythe plays an additional

In contrast to full-length Scythe, the truncated C312 post-cytochromec role. To address this, we immuno-

Scythe protein did not suppress the activity of the super- depleted Scythe from the egg extract and asked whether

natant released from the Scythe precipitates (Figure 4B). addition of pure cytochrome& to the depleted extract

To characterize further the factors released from Scythe could still induce caspase activation and morphological
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Fig. 6. Scythe acts exclusively upstream of mitochondria.
Recombinant Reaper protein (300 piy/or equine heart cytochrome

(1 nghl) were added to eitheXenopusegg extract depleted of B Rpr + Rpr+
endogenous Scythe protein (Scythe Dep.) or extracts similarly treated Roc Aloss BIR GST
with pre-immune sera (Preimmune). At the indicated timeg| 2 e

aliquots of extract were processed for DEVD-pNA cleavage activity. Hrs 115 2 3 115 2 3 115 2 3

Cytochrome ¢ —® ‘.. " .“
apoptosis. As shown in Figure 6, Scythe depletion was

unable to interfere, even partially, with cytochrome Rpr+
induced caspase activation. Thus, Scythe is not required C a5t Bpr BIR
after efflux of cytochrome from the mitochondria. e e e
Extrsen: - + - + - +
Excess IAPs neither prevent Reaper-induced Scythe—b - -
cytochrome c release nor disrupt the Reaper-
Scythe interaction _ Fig. 7. Excess BIR protein inhibits Rpr-induced apoptosis but not Rpr-
It has been reported by several groups that overexpressionnduced cytochrome release. &) Recombinant Reaper (Rpr) protein
of IAPs can block Reaper-induced apoptosis (lawyl., alone (300 ngll) or Reaper in combination with equivalent amounts

. ; . i of either recombinant BIR or GST proteins were added to crude
1995; Vucicet al, 1997a; McCarthy and Dixit, 1998). Xenopusegg extracts. At the indicated timespPRaliquots of extract

Moreover, _IAPS can bind d'reCtIy no_t Only to R_e?pe'_” but were processgd for DEVD-pNA cleavage a_ctivit&.) (Samples were
to other critical regulators dbrosophilaapoptosis: Grim processed as in (A), but 48 aliquots were filtered through a OpiM
and Hid (Kaiseret al, 1998; Vucicet al., 1998). While microfilter and processed for immunoblotting with an anti-cytochrome
IAPs reportedly inhibit caspase activity and pro-caspase ¢ menoclonal antibody.q) Recombinant GST, GST-Reaper and

- : P, o —Reaper pre-incubated with a 10-fold molar excess o
ac.tlvatlon’ t.helr ablllty to inhibit upstream events, such as recombinant BIR protein were immobilized on glutathione—Sepharose
m'tOChond“al cytochrome release, has not been exam- peads and incubated in the absence (-) or presengef(Xenopus
ined (Royet al, 1997; Deverawet al, 1998). To test egg extract fo1 h at4°C. The beads were pelleted, washed three
this, we produced the three BIR domains of c-IAP 1, times with ELB, resuspended in SDS sample buffer and processed for
previously reported to be an effective inhibitor of Reaper- immunoblotting using anti-peptide sera targeted against the C-terminal

induced apoptosis, in bacteria (McCarthy and Dixit, 1998). 16 amino acids of th&enopusScythe protein.

After purifying the BIR protein, we added it 10 €99 han the similarly added wild-type Reaper protein (data
extracts together with Reaper. At concentrations of BIR not shown) (Cheret al., 1996a; Vucicet al., 1997b).
that very effectively blocked Reaper-induced apoptosis,  the Reaper, Grim and Hid proteins are not notably
we observe(_j no inhibition of Reaper-induced cytochrome homologous outside of a region of limited homology
c release (Figure 7A and B). Even when present at @ 10-¢,,nq at their extreme N termini (corresponding to the
fold molar excess to Reaper, this protein blog:ke_d neither ¢« 15 amino acids of Reaper), which appears to be
Reaper-induced cytochrome release nor binding of  regponsible for their shared ability to bind IAPs (Chen
Reaper to Scythe (Figure 7C). L et al, 1996b; McCarthy and Dixit, 1998). Surprisingly,
Since the first 15 amino acids of Reaper are critical for gegpite the fact that Scythe could bind to a region of
IAP binding (McCarthy and Dixit, 1998) and excess paaner with no overt primary sequence homology to Grim
IAP protein did not interfere with the Scythe-Reaper o4 piq proteins, GST-Hid and GST—Grim proteins bound
interaction, we assumed that IAPs and Scythe protein geihe nearly as well as did GST—Reaper (Figure 8B).
must interact with Reaper at distinct sites. In accordance geyera| control proteins tested, including GST alone, did
with this, we found that full-length Reaper proteéin and a ¢ hind to Scythe. Therefore, although the primary
mutant Reaper protein lacking the first 15 amino acids (Rpr sequences of these proteins do not reveal an obvious

16-65) were bOt.h Capab'? of bin(_JIin_g Scythe (Figure 8A). shared motif, Grim, Hid and Reaper can all interact
Moreover, a fusion protein consisting of GST linked to Scythe.

the first 15 amino acids of Reaper was unable to bind to

Scythe (Figure 8A). As has been reported in other SyStemSDiscussion

using similar N-terminal Reaper mutants, Rpr 16—65 could

still trigger caspase activation and morphological apoptosis Reaper protein has no evident catalytic activity and only
upon addition toXenopusegg extracts, but less efficiently  limited homology to other apoptotic regulators, yet it is a
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Fig. 8. Scythe interacts with the C-terminal 50 amino acids of Reaper
as well as with theDrosophilaapoptotic regulators Hid and Grim.

(A) Recombinant GST protein or various GST—Reaper fusion proteins
were immobilized on glutathione—Sepharose beads and incubated in
the absence (-) or presence)(of Xenopusegg extract fol h at4°C.
The beads were pelleted, washed three times with ELB, resuspended
in SDS sample buffer and processed for immunoblotting using anti-
peptide sera targeted against the C-terminal 16 amino acids of the
XenopusScythe protein. Rpr F.L., full-length Reaper (amino acids
1-65); Rpr 16-65, amino acids 16—65 of Reaper; Rpr 1-15, amino
acids 1-15 of ReaperBj Recombinant GST protein alone or the
indicated GST fusion proteins were immobilized on glutathione—
Sepharose beads, incubated in the absence (-) or presehoé (
Xenopusegg extract fo1 h at 4°C andreated as described in (A).

potent inducer of apoptosis in cells of both lepidopteran

Scythe-sequestered cytochrome c-releasing activity

to inhibit the activity of factor ‘X’ is consistent with the
hypothesis that a positively acting Bcl-2 family member
may be sequestered by Scythe, attempts to test this
hypothesis by immunoblotting of an¥enopusScythe
immunoprecipitates with anti-Bcl-2 family sera have been
hampered by the lack of cross-reactivity of the available
antisera with homologouXenopusproteins. However,
preparation of anti-human Scythe antisera should soon
facilitate the examination of factors associated with human
Scythe. Four specific Scythe-bound proteins can be
detected inXenopusanti-Scythe immunoprecipitates by
silver staining of SDS—PAGE gels, but their identity
remains to be determined (K.Thress and S.Kornbluth,
unpublished).

An alternative hypothesis of Scythe function to be
considered is that Scythe may be part of an Apaf-1-
like complex, which, upon binding Reaper, promotes
the processing of a pro-caspase that acts upstream of
mitochondrial cytochrome release. High levels of broad-
spectrum caspase inhibitors do not appear to prevent
Reaper-induced cytochronerelease, but this does not
rule out the involvement of a caspase insensitive to the
inhibitors used in those experiments (Evatsl, 1997a).
Since exogenous Scythe can resequester the pro-apoptotic
factor(s) released by Scythe, an Apaf-1/pro-caspase-like
model for Scythe function would have to postulate that
Scythe can re-bind and neutralize the released and activ-
ated caspase.

The C312 Scythe protein probably acts as a
dominant-negative Scythe variant

and vertebrate origin. In this report, we demonstrate that Data presented in Figure 4B illustrate that the Scythe
Reaper acts, at least in part, by inducing the dissociation C312 protein, which can induce apoptosis independently
of a Scythe-bound factor that can trigger direct release of of Reaper, cannot, like full-length Scythe, suppress the

mitochondrial cytochrome.

Scythe sequesters a positive apoptotic regulator

activity of pro-apoptotic factors released from Scythe.
However, as reported previously, a resin linked to C312
Scythe very effectively depletesenopusegg extracts of

Neither C312 Scythe, Reaper alone nor Reaper addedfactors required for Reaper-induced cytochroonelease

with full-length Scythe can induce direct mitochondrial

and caspase activation (Threstsal., 1998). It is possible

cytochromec release; the experiments presented here that the C312 protein assumes an ‘active’ conformation
make a strong case that the cytochrocaeleasing fac- that triggers activation of a bound cytochromecleasing
tor(s) which operates downstream of Reaper is initially factor. However, we have found that the amount of C312
bound to Scythe and maintained in an inactive form. While protein required to induce apoptosis in egg extracts exceeds
it is not yet clear how Reaper induces the dissociation of the level of endogenous Scythe by at least 2-fold (data
these factors from Scythe, it is attractive to speculate that not shown). Collectively, these data suggest that the C312
Reaper binding induces a conformational change in Scytheprotein may act, not as an activated variant of Scythe, but
leading to desequestration of the bound factor(s). Alternat- as a dominant interfering Scythe protein. Possibly, both

ively, it is possible that Reaper displaces the factor
competitively through binding to the same site on Scythe.
Although we have not yet identified the Scythe-bound
factor(s) responsible for the cytochromeeleasing activ-
ity, several Bcl-2 family members have been implicated
in the direct release of mitochondrial cytochroméLi
et al, 1998; Luoet al, 1998; Desagheet al, 1999).
Thus, we consider it quite possible that a Bcl-2 family

member is one of the Scythe-bound factors. Although the possible

cytochrome c-releasing activity of pro-apoptotic Bcl-2

full-length and C312 Scythe can bind to pro-apoptotic
factors, but only the full-length Scythe can inhibit their
activity.

Two pathways of Reaper-induced apoptosis?

Since excess IAP protein did not appear to block Reaper-
induced mitochondrial cytochronmerelease, while effec-
tively blocking Reaper-induced apoptosis, it is entirely
that excess IAPs prevent Reaper-induced
apoptosis primarily through post-mitochondrial inhibition

family members may be activated by caspase cleavageof pro-caspase activation. Indeed, purified IAP protein

[e.g. bid cleavage by caspase 8 étial., 1998; Luoet al.,

very effectively prevents activation of pro-caspases 9 and

1998)], the Scythe-sequestered factor probably does not3 upon addition of purified cytochroneto the Xenopus
require caspases for activity because caspase inhibitors deegg extract (K.Thress and S.Kornbluth, unpublished).

not appear to prevent Reaper-induced cytochroneéease
(Evanset al., 1997a). While the ability of Bcl-xL protein

What then is the role of Reaper binding to IAPs? The
16-65 Reaper variant is less active than the wild-type
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Reaper protein, suggesting that the first 15 amino acids polylinker sites and a polyglycine insert, and transformed into the Topp 1

_ ; ; e bacterial strain (Stratagene). Recombinant protein was produced as
of Reaper may serve a pro-apoptotic function. This is the described previously (Evanst al, 1997a). Control GST protein was

region O,f Reaper that als.o '_Oi”ds IAPsS, prompting.the expressed and prepared in a manner identical to that used for all other
speculation that Reaper binding may serve to inactivate GsT fusion proteins.

an anti-apoptotic function of IAPs in the egg extract, .

rather than IAPs acting to incapacitate Reaper. Indeed, it Preparation of Xenopus egg extracts

: or induction of egg laying, mature female frogs were injected with
has recemly been demonstrated that Reaper, Grim an 00 U of pregnant mare serum gonadotropin (Calbiochem) to induce

Hid proteins can block the ability of Brosophilal AP to oocyte maturation, followed by injection (3-28 days later) with human
suppress caspase-dependent death of yeast. Moreover, ithorionic gonadotropin (HCG; USB). Fourteen to 20 h after injection
was shown that the N-terminal region of Hid, which with HCG, eggs were harvested for extract production. Jelly coats were

; ; ; _ i~ ~ Ffemoved from eggs by incubation with 2% cysteine (pH 7.8), washed
IS homologous to Reaper, mediated its IAP Sul:)preSSImJthree times in modified Ringer’s solution (MMR) (1 M NaCl, 20 mM

activity (Wanget al,, 1999). , o _ KCI, 10 mM MgSQ,, 25 mM CaCh, 5 mM HEPES pH 7.8, 0.8 mM
Because the 16—65 protein retains the ability to interact EbTA), and then washed in egg lysis buffer [ELB; 250 mM sucrose,

with Scythe, it is likely that Scythe mediates the residual 2.5 mM MgCh, 1.0 mM dithiothreitol (DTT), 50 mM KCI, 10 mM

apoptosis-inducing activity of the 16—-65 Reaper protein. HEPES] pH 7.4. Eggs were packed by low-speed centrifugation ag400

: . P Following the addition of aprotinin and leupeptin (final concentration
Interestlngly, when this protein Is added to egg extracts 5 mg/ml), cytochalasin B (final concentration 5 mg/ml) and cyclohexim-

at 4- to 5-fold higher levels than wild-type Reaper protein, ige (final concentration 50 mg/ml), eggs were lysed by centrifugation at

the 16—65 and wild-type proteins induce roughly equiva- 10 000g for 15 min. For nuclear formation, extracts were supplemented
lent levels of caspase activity (data not shown). This with demembranated sperm chromatin (1000 nygpiand an ATP-
suggests that Scythe-dependent pathways when Sufﬁ_regeneratlng system (10 mM phosphocreatine, 2 mM ATP and 50 mg/

. | . d b bl ’ f h ml creatine phosphokinase). Recombinant proteins added to extracts
ciently activated, may be a. eto compgnsate Or_t € were diluted in XB buffer (50 mM sucrose, 100 mM KCI, 0.1 mM
absence of pathways (possibly IAP inhibition) which cach, 1 mM MgCh, 10 mM K-HEPES, pH 7.7) and added at a
normally act coordinately with Scythe to mediate Reaper- concentration of 300 ngl, unless indicated otherwise.

induced apoptosis. .
Immunodepletion assays

) Protein A-Sepharose beads were washed in ELB and pre-incubated with
Scythe in vertebrates 10 mg/ml bovine serum albumin in ELB for 40 min at 4°C. The beads
The conservation of Scythe protein across species, coupledvere washed twice more with ELB and 10 of Sepharose beads were
with the ability of Drosophila Reaper to trigger the incubated with 10Qul of pre-immune or anti-Scythe antisera at 4°C for

- . . 70 min. The beads were washed again with ELB and then incubated
dissociation of cytochrome-releasing factors fronXen- with 100 pl of the crudeXenopusegg extract. After 1 h at 4°C, the

opusScythe, argues strongly that a similarly acting Scythe antibody-bead complexes were pelleted, the supernatant was transferred
ligand must exist in vertebrates. Reaper, Grim and Hid to a fresh microfuge tube and the depletion process was repeated, using
proteins have all been shown to induce apoptosis in humanfresh beads, twice more. This depleted extract was then assayed for the
cells (Claveriaet al. 1998: McCarthy and Dixit. 1998: ability to induce apoptotic nuclear fragmentation, cytochramelease

. N ! . P and/or caspase activity directed against artificial substrate (DEVDase)
Haining et al, 1999). These proteins share the ability t0 a¢gyation.
bind IAPs and, as demonstrated here, have the common
ability to bind Scythe. We have also found that these DEVDase assays

proteins can bind to ain vitro translated form of the To measure caspase activity,uBof each sample were incubated with
90 pl of assay buffer (50 mM HEPES pH 7.5, 100 mM NacCl, 0.1%

human Scythe protein (data not shown). Whether there o\ /\os 10 mm DTT, 1 mM EDTA, 10% glycerol) and the colorimetric
will be several distinct Scythe ligands that share primary sypstrata-acetyl-DEVDp-nitroanilide (Ac-DEVD-pNA) (final concen-
sequence homology to Grim, Hid or Reaper proteins tration 200 mM; Biomol Caspase-3 assay system) at 37°C. Absorbance
remains to be determined. It will also be of great interest to was measured at 405 nm at various time points in a LabSystems
determine whether regulated release of Scythe-sequestereH'“'“Ska” MS microtiter plate reader. All measurements were repeated
. s In triplicate for each time point and the average was reported.
cytochromec-releasing factors is important for other, non-
Reaper-mediated, pathways of apoptosis. Scythe release assays
Either anti-Scythe or pre-immune sera linked to protein A—Sepharose
beads were used to immunoprecipitate frofanopusegg extract as

Materials and methods described above. Following three successive rounds of precipitation, the
beads were combined and washed three times in ELB. The beads were

Preparation of GST fusion proteins resuspended in ELB and incubated with recombinant, soluble GST or

Two separate truncations of recombindbtosophila Reaper protein GST—Reaper protein (added 1:10, protein:bead volume) for 30 min at

were constructed: the N-terminal 15 amino acids (Rpr 1-15) and the room temperature. The beads were then pelleted by centrifugation and
C-terminal 50 amino acids (Rpr 16-65). cDNAs encoding these trunca- the supernatant concentrated in microcon 10s (Amicon) by centrifugation
tions were PCR amplified using the following primers. Rpr 1-15: for 20 min at 4°C. Following concentration, the supernatant was added

5'-GATCGGATCCATGGCAGTGGCATTC-3 5'-GATCAAGCTTTC- 1:10 to extracts depleted of endogenous Scythe protein, the extracts
ACCGCAACAGAGTCGC-3. Rpr 16-65: 5GATCCCATGGAGG- were incubated at room temperature, and at the indicated timas 3
CGGAGCAGAAGGAGCAG-3; 5'-GATCAAGCTTTCATTGCGATG- aliquots were collected for DEVD-pNA cleavage activity.
GCTTGCGATA-3. Full-length Drosophila Grim and HID were also

PCR amplified using the following primers. Grim:'-6ATC- Mitochondrial cytrochrome c release assays
GGATCCATGGCCATCGCCTATTTC-3 5'-GATCAAGCTTTTAGTT- To fractionate the crude egg extract into cytosolic and membranous
CTCCTTGGAGGTGGCATC-3 HID: 5'-GATCGGATCCATGGCCG- components, the crude extract was centrifuged further at 55 000 r.p.m.
TGCCCTTTTATTTG-3; 5-GATCAAGCTTTCATCGCGCCGCAAA- (200 000g) in a Beckman TLS-55 rotor for the TL-100 centrifuge for

GAAGCC-3. cDNA encoding a truncated hlAP-1 protein consisting of 1 h. The heavy membrane fraction (enriched in mitochondria) was
the three BIR domains, but lacking the C-terminal RING finger domain, removed and the mitochondrial fraction was purified further by centrifu-
was amplified using the following primers: '-&BATCGGAT- gation of the heavy membrane through a percoll gradient consisting of
TCATGAACATAGTAGAAAAC-3'; 5'-GATCAAGCTTTCATGTTCT- 42, 37, 30 and 25% percoll in mitochondria isolation buffer (1 M
TTCTTCTGGTAG-3. PCR fragments were cloned into the expression sucrose, 100 mM ADP, 2.5 M KCIl, 1 M DTTL M succinate, 1 M
vector Gex KG, a derivative of Gex 2T (Pharmacia) containing additional HEPES-KOH pH 7.5, 0.5 M EGTA, 1.5 M mannitol) for 25 min at
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25000 r.p.m. with no brake in the TLS-55 rotor. The isolated heavy
membrane fraction containing mitochondria was diluted 1:10 into ELB
containing an ATP-regenerating cocktail (L0 mM phosphocreatine, 2 mM
ATP and 50 mg/ml creatine phosphokinase). At various time points,
cytochromec content was analyzed after filtering 26 of the mixture
through a 0.1pm ultrafree-MC filter (Millipore). Aliquots of 10ul
protein were then separated by SDS-PAGE and immunoblotted with
an anti-cytochrome& monoclonal antibody (Pharmingen), horseradish

Scythe-sequestered cytochrome c-releasing activity

Hay,B.A., Wassarman,D.A. and Rubin,G.M. (1988psophilahomologs
of baculovirus inhibitor of apoptosis proteins function to block cell
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The release of cytochrome ¢ from mitochondria: a primary site for
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