
mouse ES cell line CJ7 was done as described (19). 
Correctly targeted ES cell clones were Injected Into 
C57BU6 blastocysts. and chimeras were bred w~th 
C57BLi6 and I29lSv mce to generate heterozygous 
anmals (79). Targeting of the Ga,, gene and germ- 
n e  transmssion of the targeted allele were conf~rmed 
by Southern blotting. ES cell DNA or tall DNA from 
litters of F, were dgested w~th Sma I and hybr~dized 
w~th the diagnostc probe from a 5' external upstream 
regon, a 0.4-kb Sma I to Eco RI fragment. 

23 Total RNA was purified from the embryo proper or 
from the yolk sac and reverse-transcrbed w~th ran- 
dom prlmers and Mooney murine leukernla vlrus 
reverse transcrptase (Gbco BRL), Oligonucleotides 
used for PCR reacton were for Ga,, (AGCAGCG- 
CAAGTCCAAGGAGATCG and AGGAACACTCGA- 
GTCTCCACCATCC), Ga,, (TCAAGCAGATGCGC- 
ATCATCCACG and AACTCGCTTCTGCGGCTGA- 
AGGC), and Ga, (GCCATGATCAGAGCGATGGA- 
CACG and CT'GGGAATAGTCGACTAGGTGGG). 
Primer sequences were chosen so that prmers hy- 
br~dzed to DNA regons encoded by dfferent exons 
(7) In order to distingu~sh cDNA-dependent ampl~fl- 
caton from ampl~f~caton of genomlc DNA 

24. Whole mount immunoh~stosta~n~ng procedure was 
adapted from (20). Detergent was omtted from ev- 
ery step, and the entre procedure was performed at 
room temperature. Dissected yolk sacs weref~xed ~n 
4% paraformaldehyde, stored n methanol, and re- 
hydrated before ~mmunostaining After lncubat~on for 
1 hour with dry m ~ k  (3% wlv), yolk sacs were incu- 
bated for another hour w~th anti-PECAM-l (rat 
monoclonal ani~body MEC 13.3, Pharm~ngen; 20 
~ g l m l ) ,  washed, and Incubated for about 40 mln 
w~th akalne phosphatase-conjugated goat ant-rat 
~mmunoglobulin G (Sigma). Yolk sacs were washed 
extensively, and color reaction was started by addl- 
ton of 5-bromo-4-chloro-3-ndoy phosphate (BCIP) 
and nitro blue tetrazo~um (NBT). The reaction was 
stopped after about 30 mn.  

25. Embryos were f~xed in glutaraldehyde and OsO,, 
embedded In Epon. sect~oned at 0.5 pm, and 
staned with toluidn blue. 

26. Embryonc cells were prepared and cultured from 
E8 5 embryos as described (13) lnosto phosphate 
production and [3H]thym~d~ne ncorporation of se- 
rum-starved cells were determined as descr~bed 
(27). 

27. For examinaton of cell mgratlon. cells were serum- 
starved for 24 hours and mgration was quantfled 
by a mcrochamber techn~que Cell suspensions (1 
x 1 O6 ceIs/mI) and stmui  were prepared ~n serum- 
free Dulbecco's mnlmum essental medum Stm- 
u l  or control soutons (30 ~ l )  were placed In the 
lower compartment of a 48-well migraton chamber 
(NeuroProbe). Wells were overlaid with a polycar- 
bonate membrane (pore size, 8 pm; NeuroProbe), 
and 50 pl of cell suspension was added to the top 
w e  Chambers were incubated for 16 hours at 
37"C, then membranes were removed, fixed n 
methanol. and stained with hematoxylin. We quan- 
tified cells that had m~grated through the f te r  by 
countng six nonoverlaping f~elds at 200x magn~fl- 
catlon. To determine whether the mgration of cells 
In response to thrombin was chemotactc or che- 
mok~netic. we performed checkerboard experi- 
ments (7) In the presence of a negative ligand 
gradent (higher concentration on the cellular ste). 
there was stll mgraton of cells on the upper s~te of 
the f~lter (about 60 to 70% compared to postlve 
gradient conditions). Equal concentrations of 
thrombin on both sites resulted In cell mlgratlon 
comparable to that under a postive gradient, n d -  
catng that the observed migraton was predom- 
nantly chemokinetic. 
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DCP-1, a Drosophila Cell Death Protease 
Essential for Development 

Zhiwei Song, Kimberly McCall, Hermann Steller* 

Apoptosis, a form of cellular suicide, involves the activation of CED-3-related cysteine 
proteases (caspases). The regulation of caspases by apoptotic signals and the precise 
mechanism by which they kill the cell remain unknown. In Drosophila, different death- 
inducing stimuli induce the expression of the apoptotic activator reaper. Cell killing by 
reaper and two genetically linked apoptotic activators, hid and grim, requires caspase 
activity. A Drosophila caspase, named Drosophila caspase-1 (DCP-I), was identified and 
found to be structurally and biochemically similar to Caenorhabditis elegans CED-3. Loss 
of zygotic DCP-I function in Drosophila caused larval lethality and melanotic tumors, 
showing that this gene is essential for normal development. 

Progralnlned cell death, or apoptosis, is of 
fundamental importance for the elimina- 
tion of cells that are no  loneer needed in an u 

organism ( I  ). During the past few years, 
there has been growing support for the idea 
that the basic nlolecular mechanisln under- 
ly~ng apoptosis has been conserved durlng 
evolution among anilnals as diverse as nem- 
atodes, insects, and malnlnals (2). A central 
step in this cell suicide pathway is the acti- 
vation of an u~lusual class of cvsteine Dro- 
teases, ~lalned caspases (3) ,  that inclides 
mammalian interleukin-1 P-co~lverting en- 
zyme (ICE) and the ced-3 gene of nerna- 
todes (4). Caspases are synthesized as inac- 
tive zylnogens that need to he processed to 
form active heterodimeric enzymes (4) ,  
However, the precise lnechanisln of caspase 
activation in response to apoptotic stimuli 
remains unknown. Likewise, with the ex- 
ception of the Caenorhabditis elegans caspase 
CED-3, it is not clear what precise role any 
other caspase has in apoptosis. 

The  availabilitv of manv sonhisticated , L 

genetic and nlolecular techniques makes 
Drosophila ideally suited for studying the 
questions of caspase activation and func- 
tlon. In Drosobhila, like in rnamlnalian svs- 

L ,  

tems, the onset of apoptosis is regulated by 
a number of distinct death-inducing stirnuli 
(5). Genetic studies have led to the identi- 
fication of three apoptotic activators, reaper 
(6) ,  head involution defective (hid) (7) ,  and 
grim (8), that appear to act as med~ators 
between different signaling pathways and 
the cell death program. The deletion of all 
three genes blocks apoptosis in Drosophila 
(6) ,  and overexpression of any one of them 
is sufficie~lt to kill cells that would normally 
live (7-9). The products of these genes 
appear to activate one or more caspases, 
because cell killing by reaper, hid, and grim is 
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blocked by the baculovirus protein p35 (7- 
9) ,  a specific inhibitor of caspases (1 0). 

T o  gain further insight into the function 
and control of caspase activity, we isolated 
Drosoph~la caspase-like sequences. Degener- 
ate oligonucleotides corresponding to two 
hlghly conserved reglons flanking the ac- 
tive site of the enzyme were designed and 
used for a polymerase chain reaction (PCR) 
with a Drosophila 4- to 8-hour embryo 
cDNA library as the template (11). We  
obtained several PCR products of the ex- 
pected size that were subcloned and se- 
quenced ( 1 1 ). One clone was highly hornol- 
ogous to the region co~ltaining the caspase 
active site, including the highly conserved 
QACRG (1 2) pentapeptide. This clone was 
used to isolate full-length cDNA clones and 
to deduce the entire alnino acid sequence of 
this putative caspase ( I  I ) .  The predicted 
open reading frame of the full-length 
cDNA encodes a protein of 323 arnlno 
acids (Fig. 1A). The DNA sequence sur- 
rounding the first ATG ( C A A G H -  
GACC) is in good agreement with the - 

consensus sequence for translation initia- 
tion in Drosophila ( 13). The corresponding 
protein was named Drosophila caspase-l 
(DCP-1). In comparison with other caspase 
family members (4,  14-1 6) ,  DCP-1 is more 
holnologous to CPP-32 and MCH-2a than 
to ICE. It shares 37% sequence identity 
with both CPP-32 and MCH-201, 29% 
identity with NEDD-2 (ICH-1), 28% with 
CED-3, and 25% with human ICE. This 
sequence similarity suggests that DCP-1 
may be a member of the ced-3-CPP-32 
subfamily of caspases. 

Caspases are synthesized as inactive 
proenzymes that are proteolytically pro- 
cessed to form the active heterodilner con- 
sisting of a p10 (10 kD) and a p20 (20 kD) 
subunit (4). The consensus sequence for 
proteolysis of many ced-3-like caspases is 
(D/E)XXD-Y (1 2), where X can be any 
amino acid and Y is a srnall amino acid, 
such as Ala, Gly, or Ser. Cleavage occurs 
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between Asp and Y. A good match to this 
consensus, DNTD-A, is found in the ex- 
pected region of DCP-1, indicating that 
cleavage may occur between Asp3' and 
Ala34. This prediction was supported by the 
biochemical properties of a truncated ver- 
sion of DCP-1 (discussed below). There- 
fore, like CPP-32 and MCH-201, DCP-1 
appears to have a short prodomain of only 
33 amino acids. O n  the basis of the x-ray 
crystal structure of ICE (1 7), it is thought 
that Cys285, and Gly238 in this mol- 
ecule are involved in the catalysis of the 
peptide cleavage, whereas Arg179, GlnZa3, 
Arg341, and Ser347 are involved in the rec- 
ognition of the Asp at the P1 position. All 
the corresponding amino acid residues are 
conserved in DCP-1 (Fig. 1B) and in other 
family members. DCP-1 contains a slightly 
modified pentapeptide, QACQG, instead 
of the more common QACRG, which is 
also found in mammalian Mch4 and Mch5 
(also called MACH or FLICE) (1 6). 

To show that DCP-1 protein has pro- 
tease activity, we expressed two different 
versions in Escherichia coli and tested the 
biochemical activity of the recombinant 
proteins on known substrates for caspases 
(1 8). Full-length DCP-1 gave no or very 
little activity, whereas a truncated protein 
lacking the putative prodomain had very 
strong protease activity. This form of 
DCP-1 cleaved both poly(adenosine 
diphosphate-ribose) polymerase (PARP) 
(Fig. 2A) and p35 into fragments of the 
predicted size. Direct comparison with frag- 
ments generated by CED-3 cleavage indi- 
cated that both proteases cleave at identical 
sites (Fig. 2A). DCP-1 protease activity was 
completely abolished by iodoacetamide; 
thus cysteine is critical for enzyme activity. 
The CPP-32-specific inhibitor Ac-DEVD- 
CHO (14) completely inhibited PARP 
cleavage by DCP-1, whereas the ICE-spe- 
cific inhibitor Ac-YVAD-CHO was inef- 
fective (Fig. 2A). Therefore, DCP-1 is bio- 
chemically more closely related to CED-3 
and CPP-32 than to ICE. DCP-1 also 
cleaved p35 in a manner identical to that of 
CED-3. Finally, the composition of the au- 
toprocessed mature DCP-1 enzyme was de- 
termined. After purification of the truncat- 
ed form of DCP-1, two bands of about 22 
kD (corresponding to p20) and 13 kD (cor- 
responding to p10) were detected with SDS- 
polyacrylamide gel electrophoresis (PAGE). 
Microsequencing analysis of the small sub- 
unit (19) demonstrated that the cleavage 
site producing the two subunits was, as ex- 
pected, between Asp215 and Gly216 (Fig. 
1B). These results show that DCP-1 is a 
cysteine protease and has biochemical prop- 
erties that are similar to that of the C. 
elegans cell death protease CED-3. 

To determine if DCP-1 can induce cell 

death, we expressed the gene in several 
mammalian cell lines (20). Cells expressing 
DCP-1 displayed the typical apoptotic mor- 
phology, such as condensed, rounded cell 
morphology and severe membrane bleb- 
bing. These observations indicate that ex- 
pression of DCP-1 is sufficient to induce 
apoptosis. However, because expression of 
several proteases, including proteinase K, 

trypsin, and chymotrypsin, can induce apo- 
ptosis (21 ), DCP-1 may kill by causing cel- 
lular damage that subsequently triggers an 
a~ovtotic resvonse. To eliminate this ~oss i -  
b:lliiy, we used a cell-free apoptosis sistem 
that permits the investigation of apoptosis- 
like nuclear events (22). In this system, 
cellular structures have been destroyed and 
therefore are no longer capable of sensing 

A 
MTDECVTRNY GVGIRSPNGS E N R G S F I M A D G C T P E  SLWGGATAA 50 
SPLPANKFVA RMPVERYASE YNMSHKHRGV ALIFNHEFFD IPSLKSRTGT 100 
NVDAQELKKA FENLGFAVSV HKDCKLRDIL KHVGKAAELD HTDNDCLAVA 150 
ILSHGEHGYL YAKDTQYKLD NIWHYFTATF CPSLAGKPKL FFIQACQQm 200 
U G I T L E K G  V D E S S T  SYKIPIHADF LFSYSTIPGY FSWRNINNGS 250 

WYMQSLIREL NANGKKYDLL TLLTFVNQRV ALDFESNVPA TPMMDRQKQI 300 
PCLTSMLTRI LRFGDKPNGN KAG 

B 
* Large subunit -1- Smallsubunit - 

Fig. 1. Predicted amino acid sequence of DCP-1 and its homology to other caspase family members 
(72). (A) Predicted amino acid sequence of DCP-1. The putative prodomain contains the NH,-terminal 
33 amino acids that appear to be removed by proteolytic cleavage at DNTDA (12), between Asp33 and 
Ala34. The cleavage site that generates the large and small subunits is at TETDG, between Asp215 and 
GlyZq6. Another possible cleavage site, DRLDG, is between Aspzoz and GlyZo3. The active site QACQG 
is in bold face, and putative cleavage sites are underlined. (B) Sequence alignment of the most 
conserved regions among several caspases. The active site pentapeptide is boxed. The cleavage site 
that generates the large (p20) and small (p10) subunit in DCP-1 is between Aspzq5 and GlyZq6. Dotted 
lines indicate gaps in the sequence to allow optimal alignment. MACH (FLICE) shares identical sequence 
with Mch5 in the listed regions, therefore it is not shown here. The crystal structure of ICE indicates that 
C ~ S ~ ~ ~ ,  and Glyz38 (0) are involved in the catalysis, and Arg179, Glnz83, Arg341, and Se847 (0) are 
involved in the recognition of the PI Asp. All these residues are Conserved among these proteins except 
one close substitution of Ser to Thr in Mch5. 

Fig. 2. DCP-1 has 
caspase activity 

A B 

and induces DNA 
fragmentation in 
HeLa cell nuclei. Y X 
(A) DCP-1 cleaves Q 

3 + 
PARP, and this .s - - 
activity can be in- u n n  

P o u  
hibited by iodoac- 
etamide (lodoac.) 
and Ac-DEVD- PARP 89 kD 
CHO (ADC), but 4.0 
not by the ICE in- 3.0 
hibitor Ac-WAD- 2.0 

1.6 
CHO (AYC). 35S- 
labeled human 1 .o 
PARP (hPARP) 0.5 
was used as the 0.3 
substrate for pro- kb 
tease activity anal- 
ysis. For inhibition, 
10 mM iodoacetamide, Ac-DEVD-CHO, or Ac-WAD-CHO, as indicated, was used as an inhibitor. They were 
mixed and incubated with the enzyme at 37C for 10 min. Then 35S-labeled hPARP was added and 
incubated at 37°C for 30 min. CED-3 protein was used as control and PARP cleavage was analyzed by 10% 
SDS-PAGE. (B) DCP-1 induces DNA fragmentation in HeLa cell nuclei. Methods are described in (22). 
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physiological signals. Purified DCP-1 or 
proteinase K as a control was added to such 
a cell-free preparation from HeLa cells (22). 
Upon treatment with DCP-1, the chromo- 
somal DNA was fragmented and displayed 
the characteristic apoptotic DNA ladder 
(Fig. 2B). In contrast, proteinase K failed to 
induce DNA fragmentation in this system 
(Fig. 2B). Thus, DCP-1 acts far downstream 
to induce apoptosis, either by directly cleav- 
ing apoptotic targets or by activating other 
procaspases that may be present in the cell- 
free system. In either case, the fact that a 
Drosophila protein, DCP-1, can engage at 
least part of the apoptotic program in mam- 
malian cells suggests that its targets have 
been conserved in evolution. 

A Drosophila cell death caspase should be 
expressed in all cells that have the ability to 
undergo apoptosis. We determined the dis- 
tribution of dcp l  mRNA during Drosophila 
embryogenesis by in situ hybridization (23). 
Preblastoderm embryos, a stage before the 
onset of zygotic transcription, contained 
large and uniform amounts of dcp l  RNA 
(Fig. 3A). Therefore, dcp-I is maternally ex- 
pressed. In later stages, dcp-l transcripts con- 
tinued to be present throughout the embryo 
(Fig. 3B). This uniform pattern of RNA 
distribution is consistent with a role of dcp-1 
as an apoptotic effector. Toward the end of 
embryogenesis, dcp-l expression became 
more restricted (Fig. 3C). The reduction of 
dcp-l transcript correlated well with the in- 
creased resistance of late embryos to the 
induction of apoptosis by x-ray irradiation 
and ectopic expression of r eaw (9). 

To begin investigating the function of 
DCP-1, we obtained loss-of-function muta- 
tions in the gene. dcp-1 was mapped by in 
situ hybridization to the cytological position 
59F on the right arm of chromosome 11, and 
chromosomal deletions for this locus were 
identified (24) (Fig. 4). In addition, two 
preexisting lethal P element insertions, 
1(2)01862 and 1(2)02132, were found to be 
inserted at different positions in the first 
exon of dcp-l (Fig. 4) (24). These P element 
mutants behaved genetically as null alleles 
and will be referred to as the dcp-1 1862 and 
d ~ p - 1 ~ ' ~ ~  alleles. Viable revertants of these 
alleles were generated and were associated 
with P element excisions, demonstrating 
that the phenotypes described below are in- 
deed caused by the transposon insertions 
into the dcp-1 gene (25). To eliminate pos- 
sible contributions of other mutations in the 
genetic background of the dcp-l P element 
alleles, we conducted phenotypic analyses in 
trans to a deletion for dcp-l (26). 

Because ced-3 mutants of C. elegans are 
defective in programmed cell death, we in- 
vestigated the pattern of apoptosis in em- 
bryos lacking zygotic dcp-1 function. Using 
TUNEL labeling and ENGRAILED anti- 

Fig. 3. dcp-1 mRNA ex- 
pression in Drosophila em- 
bryos. Whole mount wild- 
type embryos were hybrid- 
ized with a dcp- 1 digoxige- 
nin-labeled probe (23). (A) 
Stage 4 embryo (31). Uni- 
form mRNA distribution was A 
observed in all embryos be- 
fore cell formation and the 
onset of zygotic transcrip- 
tion (stages 1 to 5), demon- 
strating that dcp- 1 is mater- 
nally expressed. (6) Stage - - 
10 embryo (31). dcp-1 tran- 
scripts were found in essen- B - Y - 
tially all cells during germ- 
band extension. The weakly stained central region of the embryo contains mainly yolk. (C) Stage 16 
embryo (31). The expression of dcp-1 became nonuniform in advanced stages of embryogenesis. 
Although low levels of transcript appeared to be still present throughout the embryo, some regions of the 
embryo, including the head, some cells within the central nervous system, the developing gonads, and 
a portion of the gut, were strongly labeled. (D) Lateral view of the central nervous system of a stage 17 
embryo (31). Strong expression of dcp-1 was seen in cells along the midline of the central nervous 
system. Scale bars are 50 pm. 

body staining, we detected no significant 
abnormalities in the pattern of cell death 
(27). These data indicate that zygotic 
DCP-1 function is not required for most 
embryonic cell deaths in Drosophila, perhaps 
because of the existence of additional 
caspases (28). However, because DCP-1 has 
significant maternal expression, it is also 
possible that sufficient DCP-1 protein is 
present during embryogenesis for cell death 
to occur. 

Both alleles of dcp- 1 caused lethality dur- 
ing larval stages, showing that dcp-I is an 
essential gene. This lethality was associated 
with the transposon insertions, because it 
was seen in transheterozygotes of the two 
different P insertions and because it could 
be reverted by excision of the P elements 
(25). Although most of the dcp-l homozy- 
tzotes died before the third instar larval v 

stage, some of the dcp-1 homozygotes 
reached that stage and displayed several 
abnormalities. Larvae mutant for dcp-1 had 

an overall normal central nervous system 
but lacked imaginal discs and gonads. In 
addition, they had fragile trachea. However, 
the most prominent phenotype of these lar- 
vae was the presence of melanotic tumors, 
located in various parts of the body (Fig. 5). 
Melanotic tumors can result from either the 
overproliferation of blood cells or from an 
immune response toward abnormal cells 
and tissues in the larva (29). In dcp-l mu- 
tants, no evidence for hyperplasia of the 
lymph glands or overproliferation of blood 
cells was found. This suggests an immune 
reaction toward abnormal tissues or cells, 
possibly resulting from a defect in cell 
death. According to this model, cells that 
would have normally been eliminated by 
apoptosis persist in DCP-1-deficient ani- 
mals but are eventually recognized by the 
fly's immune system. Although mammalian 
caspases have not yet been implicated in 
tumor suppression, this scenario would be 
consistent with the known role of apoptosis 

59EdF1 Fig. 4. Map of the 59F region. The A?!E! ..... . . . . . . . . . . . . . . . . . . . . .  
hatched bar represents the wild- 59E1 o f ( 2 ~ ) M  BOA~-5 

type chromosome, and the cyto- .............................................. 
Df(2R)bWDRa 

logical divisions are indicated. The 
deletion strains used for in situ anal- 
ysis are drawn above the hatched 
bar, with the dashed lines repre- 
senting the deleted regions. They 
are labeled with their reported 
breakpoints (24). Genetic analysis 
with a number oflethals that map to ~ ~ 0 1 ~ 6 2  -1 
the region revealed that Df(2R)bd 
and Df(2R)GlO-BR27 may overlap, because both deletions fail to complement at least one lethal 
complementation group. The approximate position of the dcp-1 gene is indicated below the hatched 
bar; the orientation is drawn arbitrarily as it has not yet been determined. The genomic DNA 3' of the P 
elements has been partially sequenced, revealing a 430-base pair intron. The P elements are inserted 
in exonic sequences 182 and 291 base pairs downstream of the start of the cDNA and 179 and 70 base 
pairs upstream of the initiation codon. 
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Fig. 5. Melanotic tumor phenotype of dcp-1 mutants. (A) A wild-type (Canton S) larva at the wandering 
third instar stage (-5 days). (B and C) dcp-1 1862/Df(2R)bwORB transheterozygous larvae (-1 1 to 12 
days). The conspicuous dark masses, indicated by arrows, are the melanotic tumors that occur in 
various locations in the larvae. Scale bars in (A), (B), and (C) are 500 Fm. (D and E) Higher magnification 
view of two melanotic tumors from a dcp-1 '862/Df(2R)bf l  larva. Scale bars are 50 Fm. 
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The existence of prominent, fully pene- 
trant phenotypes in dcp-1 mutants should 
facilitate future investigations on whether 
caspases may indeed have important and 
currently unknown developmental func- 
tions. Because Drosophila contains multiple 
caspases (28), it will also be possible to in- 
vestigate whether these proteases function in 
a cascade or in parallel pathways or have 
redundant functions. Additionally, it should 
now be possible to identify functionally rel- 
evant targets of these proteases by the use of 
genetic as well as biochemical means. Final- 
ly, the identification of Drosophila caspases 
should help elucidate the mechanism by 
which they are regulated in response to 
apoptotic activators, such as reaper, hid, 
and grim. Because these genes provide a 
crucial link between different death-in- 
ducing signaling pathways and caspase ac- 
tivation, it should eventually be possible 
to deduce the precise mechanism by which 
defined apoptotic stimuli activate the cell 
death program. 
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1 1. Degenerate oligonucleotides corresponding to two 

highly conserved region upstream (LSHGEE) and 
downstream (GSWFIQ) from the caspase active site 
(QACRG) were used to perform PCR. Two degener- 
ate primers encoding LSHGEE (CTG TCI CAT/C GGI 
G W G  GA and CTG AGC/T CAT/C GGI G W G  GA) 
and two backward primers encoding GSWFIQ (CTG 
WAAT GAA CCA IGA ICC and CTG G/AAT GAA 
CCA GfACT ICC) were used in standard PCR reac- 
tions with an annealing temperature of 40°C and 0.5 
pg of DNA from a 4- to 8-hour Drosophila embryo 
cDNA library IN. H. Brown and F. C. Kafatos, J. Mol. 
Biol. 203, 425 (1988)j as the template. PCR prod- 
ucts with a size of 300 to 400 base pairs (bp) were 
reamplified and cloned into a Sma I-cut Bluescript II 
KS vector. Inserts were sequenced with 35S-labeled 
deoxyadenosine triphosphate (dATP) and the DNA 
sequencing kit (United States Biochemical). A 32P- 
labeled DNA probe was synthesized by PCR with the 
same PCR primers and used to isolate full-length 
cDNA clones from the aforementioned cDNA library. 
From screening 106 cDNA clones, 12 identical 
clones for dcp- 1 were obtained and seauenced. 
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taining COOH-terminal His, tags were expressed in 
Escherichia coli by cloning PCR-generated con- 
structs into pET3a (Novagen). Proteins were purified 
with Ni2+ columns (Novagen) by following the man- 
ufacturer's instructions. The protease activity of dif- 
ferent forms of DCP-1 was assayed by incubating 
the recombinant protein with well-characterized tar- 
gets for caspases, such as PARP [S. H. Kaufmann et 
a/., Cancer Res. 53, 3976 (1993); Y. A. Lazebnik et 
al., Nature 371, 346 (1994)l and p35. For this pur- 
pose, 35S-labeled PARP and p35 were prepared by 
in vitro translation with the TNT-coupled reticulocyte 
lysate system (Promega). For each cleavage reac- 
tion, 0.2 p1 of partially purified DCP-1 was added to 4 
pI of reaction buffer [25 mM Hepes, 5 mM EDTA, 2 
mM dithiothreitol (DTT), 0.1% CHAPS, pH 7.51. For 
inhibition, 1 pl of iodoacetamide, Ac-DEVD-CHO, or 
Ac-WAD-CHO (Enzyme Systems Products, Dublin, 
CA) was added to reach the final concentration. 
These mixtures were incubated at 37'C for 10 min. 
Then 0.5 pl of 35S-labeled hPARP was added and 
incubated at 37°C for 30 min. In both experiments, 
CED-3 protein was used as a control. PARP cleav- 
age was analyzed with 10% SDS-PAGE, and p35 
cleavage was analyzed with 15% SDS-PAGE. 

19. A truncated version of DCP-I purified on a Ni2+ 
column was subjected to 12% SDS-PAGE. The sep- 
arated protein bands were electrophoretically blot- 
ted onto polyvinylidene difluoride membrane (Bio- 
Rad) and stained with Coomassie Brilliant Blue R-250. 
After destaining, the small subunit (1 3 kD) was cut off 
and microsequenced at the Biopolymers Laboratory 
(Massachusettes Institute of Technology). The NH,- 
terminal amino acid sequence was as fdlows: 
GESTSYKlPlHADRFSYSTlffiYFSWRNlNN (12), in- 
dicating that the cleavage site to give rise to two sub- 
units is between As+l5 and GVl6. 

20. We basically followed the method of M. Miura et al., 
Cell 75, 653 (1993). The full-length version of DCP-I 
was generated by PCR with the upstream primer (5'- 
GCGGAGTCGACGATGACCGACGAGTGCGTA-3') 
and the downstream primer (5'-CGGATCCGTCGA- 
CGCGCCAGCCTTATTGCCGTT-3') that both have - 
a Sal I site. After treatment with Sal I, the PCR product 
was cloned into the Sal I-treated, dephosphoryl- 
ated mammalian expression vector pactpgal (pro- 
vided by J. Yuan). Clones with the correct orienta- 
tion were identified by sequencing. Cells were tran- 
siently transfected with 1 pg of DNA and 8 pl of 
lipofectamine reagent (Gibco-BRL), following the 
manufacturer's instructions. 

21. M. S. Williams and P. A. Henkart, J. Immunol. 153, 
4247 (1 994). 

22. Several cell-free apoptosis models have been previ- 
ously used to study caspases [Y. A. Lazebnik et al., 
J. Cell Biol. 123, 7 (1993); K. Orth et a/., J. Biol. 
Chem. 271, 20977 (1996); M. Enari et a/., Nature 
380, 723 (1996)j. We essentially followed the proto- 
col of M. Enari et a/. In our experiments, 0.3 ml of 
packed HeLa cells was homogenized in 1 ml of buff- 
er [I0 mM Hepes, pH 7.0, 40 mM p-glycerophos- 
phate, 50 mM NaCI, 2 mM MgCI,, 5 mM EGTA, 1 
mM DTT, 2 mM ATP, 10 mM creatine phosphate, 
creatine kinase (50 cLg/ml), and bovine serum albu- 
min (0:2 mg/ml)] until more than 95% of the cells 
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were broken but nuclei remained intact when ana- 
lyzed under a microscope. A 30.~1 sample of this 
homogenate was used for each assay. To the ho- 
mogenate was added 1 pI (0.1 pg) of proteinase K or 
1 &I of partially purified DCP-I . For inhibition of DCP- 
1, 0.1 mM Ac-DEVD-CHO was added with DCP-I . 
After3 hours of incubation at 3 7 T ,  DNA was extract- 
ed and analyzed by agarose gel electrophoresis. 

23 In situ hybridizations were performed as described 
(6). 

24. Chromosome in situ analysis was performed essen- 
t~ally as descrbed [M. Ashburner, Drosoph1a:A Lab- 
oratow Manual (Cold Spr~ng Harbor Laboratory, 
Cold Spr~ng Harbor, NY. 1989), protocol 271. A 
DCP-I b~otinylated probe was hybridzed to the wild 
type as well as the three deletion strains shown in 
Fig. 4. A collect~on of preexisting P element inser- 
tions mapping to the 59E-F region were crossed to 
these deleton strains for complementat~on analysis 
and were further analyzed by Southern (DNA) blot 
hybr~dlzation. Two P element strains, (2)02132 and 
(2)01862. showed alterat~ons on a Southern blot 
when probed with the DCP-I cDNA. The position 
and orientaton of the two P elements In the DCP-I 
gene were confirmed by PCR by using a 3 '  P ele- 
merit primer and a prmer within the DCP-I coding 

region, and DNA sequencing of the PCR products. 
The Df(2R)GlO-BR27 and Df(2R)bwDRastocks were 
receved from B.  Reed. P element strains were gen- 
erated by the Berkeley Drosophila Genome Project 
and, together with Df(2R)bw5, provided by the 
Bloomington Stock Center. 

25. P element revertants were generated by standard 
genetic techniques. Viable and lethal revertants were 
recovered for both of the P element lines Southern 
blot analysis was used to determine the presence of 
ihe P elements In the revertant lines. 

26. Phenotypic analyses were performed on dcp-1 'e52/ 

Dff2R)bwDR2 transheterozygotes. These animals 
sunjive to various stages of larval development and 
dlsplay the melanotic tumor phenotype. The same 
phenotypes were also observed in dcp- I  'e62/dcp- 

heterozygotes, and in larvae homozygous for a 
single transposon nsertion. However, the dcp-1 '862 

chromosome appeared to contain addit~onally an 
unrelated background mutation that caused dorsal 
cuticle defects in embryos. 

27. TUNEL label~ng was carr~ed out as described (9). 
This technique labels apoptotic nuclei by incorporat- 
Ing biotinylated nucleotdes at the end of DNA dou- 
ble-strand breaks [Y.  Gavr~ei et a/., J. Cell. Biol. 11 9, 
493 (1 992)l. In addition, antibody stainng against the 
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Lymphocyte-specific interferon regulatory factor (LSIRF) (now called IRF4) is a tran- 
scription factor expressed only in lymphocytes. Mice deficient in IRF4 showed normal 
distribution of B and T lymphocyes at 4 to 5 weeks of age but developed progressive 
generalized lymphadenopathy. IRF4-deficient mice exhibited a profound reduction in 
serum immunoglobulin concentrations and did not mount detectable antibody respons- 
es. T lymphocyte function was also impaired in vivo; these mice could not generate 
cytotoxic or antitumor responses. Thus, IRF4 is essential for the function and homeosta- 
sis of both mature B and mature T lymphocytes. 

Lymphocyte-specific interferon regulatory 
factor ILSIRF) Inow called IRF4 I1  )1 is a . . 
lymphocyte-restricted member of the inter- 
feron regulatory factor (IRF) family of tran- 
scription factors (2-4). This family is de- 
fined by a characteristic DNA binding do- 
main and the abilitv to bind to the inter- , 
feron-stimulated response element. Members 
of the IRF fatllilv are involved in diverse 
processes such as pathogen response, cyto- 
kine s~gnaling, apoptosls, and control of cell 
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proliferation (5). 
We generated mice deficient in IRF4 by 

replacing exons 2 and 3 of the IRF4 gene 
with a neomycin resistance gene (6). Mouse 
strains derived from two independent ern- 
bryonic stem cell lines exhibited an identi- 
cal phenotype. Mutation of the IRF4 gene 
was confirmed by Southern (DNA) blot 
analysis of tail DNA (shown for one mouse 
strain in Fig. 1A). Hind 111-digested DNA 
from IRF4+lP and IRF4-I- mice displayed 
the 3.3-kb band of the mutant locus; the 
wild-type band at 8.4 kb was absent in 
IRF4-I mice. The absence of the IRF4 
protein was confirmed by protein immuno- 
blot analysis (Fig. 1B). 

At 4 to 5 weeks of age, lymph nodes and 
spleens of IRF4-I mice showed a relatively 
normal lymphocyte distribution and cellu- 
larity as compared with those of control 
littermates (Fig. 1C). At  10 to 15 weeks, 
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spleens were enlarged 3 to 5 times and 
lymph nodes were enlarged 10 times over 
those of control littermates, because of an 
expansion of T (both CD4+ and CD8+) 
and B lymphocytes (Fig. 1C). The distribu- 
tion of several different Vp-elements of the 
TCR was conserved, excluding the expan- 
sion of single T cell clones. Analysis of T 
cell surface molecules, including CD2, 
CDl la ,  CD18, CD25, CD28, CD45, 
CD54, FAS, and Thy-1, did not reveal any 
changes, although a slight increase in the 
number of CD69+ T cells was observed. 
Thymi of IRF4-I- mice were of normal size 
and showed a normal distribution of thymic 
cell populations (Fig. 1C) (7). 

Analysis of B lymphocytes from bone 
marrow revealed no differences in the ex- 
pression of the B cell surface lnolecules 
CD43, i~nmunoglobulin M (IgM), IgD, I ~ K ,  
B220, and I-A, indicating that early B cell 
development was grossly normal. The de- 
velopment of peritoneal CD5+ B1 B cells 
was also normal (7).  Splenic B cells showed 
normal surface expression of IgM and of K 

and A light chains (Fig. 2) .  However, on 
closer examination, spleens from IRF4-I- 
mice were found to display increased mem- 
brane IgM (mIgM)"'" I ~ I ~ D ' " " ,  and de- 
creased mIgM1"" mIgDh'g", B cell popula- 
tions. The frequency of CD23+ B22@+ B 
cells was markedly reduced, and the 
CD23'"gh B220+ B cell subpopulation was 
absent (Fig. 2) ,  indicating a block at a late 
stage of peripheral B cell maturation (8). 
Consistent with such a block was the ab- 
sence of germinal centers in B cell follicles 
of spleens and lymph nodes, even after the 
injection of sheep red blood cells, a stirnulus 
that induces a large number of germinal 
centers in control mice (9). Furthermore, 
plasma cells could not be detected in the 
spleen or lamina propria of IRF4-I- mice. 
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