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Requirement for DCP-1 Caspase During 
Drosophila Oogenesis 

Kimberly McCall and Hermann Steller* 

Caspases, a class of cysteine proteases, are an essential component of the apoptotic 
cell death program. During Drosophila oogenesis, nurse cells transfer their cytoplas- 
mic contents to developing oocytes and then die. Loss of function for the dcp-1 gene, 
which encodes a caspase, caused female sterility by inhibiting this transfer. dcp-l- 
nurse cells were defective in the cytoskeletal reorganization and nuclear breakdown 
that normally accompany this process. The dcp-1- phenotype suggests that the 
cytoskeletal and nuclear events in the nurse cells make use of the machinery normally 
associated with apoptosis and that apoptosis of the nurse cells is a necessary event 
for oocyte development. 

Apoptosis ,  a forlll of progralnlned cell 
death, is a lllechanisln used by organislns to  
remove cells that are superfluous, ahnormal, 
or n o  longer needed ( 1 ,  2 ) .  T h e  failure of 
cells to  undergo apoptosis a t  the  appropriate 
time during development can lead to  abnor- 
mal differentiation of tissues and the  death 
of the  organisln (3). Large numbers of cells 
of the  developing germ line of vertehrates 
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and ~nvertebrates are lost as a result of 
apoptosis (4); ho\vever, it is not clear if 
apoptosis is a required event in  the  germ 
line of some organisms. 

T h e  Drosophila ovary consists of individ- 
ual egg chamhers, each of which contains 
16 sister gerlnline cells that remain inter- 
connected because of incomplete cytokine- 
sis (5, 6) .  O n e  germ cell becomes a n  oocyte, 
and the  rest develop into nurse cells that 
are linked to the  oocyte hy cytoplas~nic 
bridges (ring canals). T h e  nurse cells be- 
come polyploid and synthesize large 
amounts of RNA and protein, arhich are 
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rapidly transferred to the oocyte through 
the ring canals as a result of actin- and 
mvosin-based contraction of the nurse cells 
late in oogenesis (7, 8). Several hours later, 
the nurse cell nuclei degenerate. and the - 
oocyte proceeds through the final stages of 
ooeenesis. Mammalian ovarian deve10~- - 
ment also includes the formation of inter- 
cellular bridges between germ cells at a 
period of massive germline cell death (9). 

Caspases, a class of cysteine proteases, are 
an essential component of the apoptotic ma- 
chinery (10). Upon activation, caspases 
cleave a variety of substrates including struc- 
tural and regulatory proteins (10, 1 I). Three 
Drosophila caspases have been identified (1 2, 
13), with mutations isolated in one of them, 
DCP-1. Homozveous dcb-1 mutants die as , - 
larvae (12), yet homozygous embryos do not 
show substantial defects in cell death. How- 
ever, a role for dcp-l in early embryonic cell 
death cannot be ruled out because dcp-1 
mRNA is synthesized in the ovary and ma- 
ternally supplied to early embryos (12). 

To  generate a complete loss of function 
for dcp-1 , we removed the maternal compo- 
nent by generating homozygous dcp-1- 
clones in the female germ line (14). Fe- 
males carrying the dcp-1- germline clones 
(GLCs) were sterile. Although the dcp-1 
GLC females could lay a few eggs, these 
embryos failed to develop properly, and 
most embryos were arrested within the first 
few mitotic divisions. The early arrest of 
dcp-1 GLC embryos indicated that oogene- 
sis was not proceeding normally. Indeed, 
dissected ovaries from dcp-1 GLC females 
contained many abnormal late-stage egg 
chambers (Fig. 1 and Table 1). These egg 
chambers showed a "dumpless" phenotype 
(6) in which nurse cell contents were not 
transferred into the oocvte. Nurse cells die 
by apoptosis late in oogenesis (15), because 
thev stain ~ositivelv for TUNEL (Tdt-me- 
diated deoxyuridine triphosphate nick end 
labeling) and acridine orange (AO), two 
markers for apoptotic cells (16). Using 
these methods, we examined whether apo- 
ptosis occurred in the dcp- 1 GLC nurse cells 
(Fig. 1). In control egg chambers, the nurse 
cell nuclei stained positively for TUNEL 
and A 0  during stages 12 and 13 of oogen- 
esis (15) [stages according to (31. In con- 
trast, in dcp-1 GLC egg chambers, TUNEL 
staining was frequently delayed and was 
found in stage 14 egg chambers. Therefore, 
the loss of dcb-1 function did not com~lete- 
ly inhibit nurse cell apoptosis. 

To  further analyze the nurse cell pheno- 
type in the dcp-l GLC egg chambers, we 
used a nuclear P-galactosidase (P-Gal) 
marker carried on the dcp-1 mutant chro- 
mosome (1 7). Ovaries from dcp-1 heterozy- 
gotes and dcp-1 GLC females were stained 
with the use of X-gal as a substrate for 

Fig. 1. Dumpless egg Control 
chambers from dcp-1 
GLC females w~th a delay 
in apoptosis. Egg cham- .*. ' 
bers are labeled with 1 

TUNEL to H) (16). (A to All D) panels or A 0  are (E A 
--- - 1-1 oriented with antenor to 
-- - I-- - -- 

the left. (A) Stage 13 con- 
trol egg chamber shows 

4 
TUNEL-positive staining 
in the nurse cell cluster. - 

chambers is abnormal because asubstantial amount of nurse cell cytoplasm (arrows) has failed to be 
transferred to the oocyte. (E) Stage 12 control egg chamber shows AO-positive nurse cell nuclei. (F) 
Stage 13 control egg chamber with one AO-positive nucleus. (G) Stage 14 dcp- 1 GLC egg chamber 
has a substantial amount of AO-positive staining. (H) Another stage 14 dcp- 1 GLC egg chamber with 
a severe dumpless phenotype stains positively for AO. Scale bars, 50 pm. 

Table 1. Expressivity of the dcp-1 phenotype. The severity of the dcp-1 phenotype is likely to be 
underestimated because of a low frequency of recombination that has been observed between the 
dcp-1 mutant chromosome and the CyO balancer and because of incomplete penetrance of the Cy 
phenotype. Variability of the dcp-1 phenotype may be due to the perdurance of dcp-1 mRNA or protein 
or the activity of a related caspase, drlCE, which is present during oogenesis (13). Frequency and 
strength of the stage 14 dumpless phenotype are given. Egg chambers were scored as strong (for 
example, Fig. 1 D), weak (for example, Fig. 1 C), or normal. chic, a dumpless mutant (8), was used as a 
control. 

Genotype Strong Weak Normal Total 
phenotype (%) phenotype (%) phenotype* (%) number 

d ~ p - I ~ ' ~ ~ / +  0 1 99 207 
d ~ p - / ' ~ ~ ~ / +  1 2 98 265 
chic 9957 12 78 10 244 
dcp-la3' GLC 27 28 45 97 
d ~ p - 1 ' ~ ~ ~  GLC 33 26 40 121 

'Eggs appear normal overall but do not develop properly in dcp-1 and chic mutants. 

Table 2. Frequency of egg chambers with discrete nuclear p-Gal staining. 

Genotype Stage 10 (%) Stage 13 (%) Stage 14 (%) 
Stages 11 
and 12 (%) 

dcp- 12732/+ 100 (n = 61) 44 (n = 9) 0 (n = 25) 0 (n = 207) 
dcp- 1 7862/+ 100 (n = 116) 48 (n = 21) 0 (n = 61) 0 (n = 265) 
d ~ p - 1 ~ ' ~ ~  GLC 100 (n = 53) 94 (n = 34) 55 (n = 20) 27 (n = 89) 
dcp- 1 18" GLC 100 (n = 66) 93 (n = 27) 72 (n = 25) 33(n = 111) 

Table 3. Frequency of egg chambers with cytoplasmic actin bundles. 

Genotype Stage 10 (%) Stages 11 
and 12 (%) Stage 13 (%) Stage 14' 

dumpless (%) 

Control 29 (n = 77) 100 (n = 16) 100 (n = 19) - 
dcp- 1 7862 GLC 3 (n = 64) 24 (n = 37) 82 (n = 17) 7 (n = 27) 

*Phenotype scored only in strong dumpless egg chambers. 
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P-Gal (Fig. 2). Heterozygous females dis- stage 10B, nurse cell nuclei became perme- GLC ovaries had normal P-Gal expression 
played wild-type egg chambers with P-Gal able, and P-Gal diffused into the cytoplasm. in early egg chambers. However, the dcp-1 
activity that was tightly localized to nurse P-Galactosidase was then transferred to the GLC nurse cell nuclei were not permeable 
cell nuclei at early stages. Beginning in oocyte during the dumping stage. The dcp-1 during stage 10B, and P-Gal remained nu- 

clear even in some late stage 14 egg cham- 

Fig. 2. Nurse cell nuclear per- I 
meability blocked in dcp- 1 - 
egg chambers. Heterozy- 
gous dcp- 1/+ (A to D) and 
dcp-1 GLC (E to H) egg 
chambers were stained with 
X-gal to detect p-Gal activity 
(1 7). Heterozygotes had egg 
chambers that appeared 
wild type. (A) Stage 10A egg 
chamber displays nuclear 
p-Gal staining in the nurse 
cells and oocvte. Follicle cells 
(fc) have a columnar shape. 
(B) Stage 10B egg chamber. 
B-Galactosidase has dif- I 
fused out of nurse cell nuclei b 
that are most proximal to the 
oocyte. Follicle cells (fc) have 
flattened over the oocyte. (C) 
Late stage 11 egg chamber. 
p-Galactosidase has dif- 
fused out of all nurse cell nu- 
clei, except the most distal 
ones, and has begun to be 
transferred to the oocyte. (D) 

and G) ~ t a ~ e i < B  (F) and 1'2 
(G) dcp-1 GLC egg cham- 
ber. 0-Galactosidase re- 
mains nuclear and the follicle 
cells fail to flatten. The size of the mutant egg chambers at late stages was generally smaller than that of 
the wild-type egg chambers. (H) Stage 14 dcp-1 GLC egg chamber, with chorion (c). Scale bars, 50 pm. 

Fig. 3. Inhibition of nu- 
clear lamin breakdown in 
dcp-1- nurse cell nuclei. 
Confocal images of con- 
trol (A to C) and dcp-1 
GLC (D to F) egg cham- 
bers labeled with mAb 
101, which detects nu- 
clear lamin Dm, (21). (A 
and D) In early stage 
10A, mutant and wild- 
type egg chambers are 
indistinguishable. (B and 
C) Nuclear lamin staining 
becomes diffuse in stage 
1 1 (6) and 12 (C) control 
egg chambers. Note the 
difference in intensity be- 
tween nurse cells (nc) 
and follicle cells (fc).' (E 
and F) dcp-1 GLC egg 
chambers continue to 
show distinct nuclear 
staining at stages 11 (E) 
and 14 (F). Arrowhead 
indicates dorsal append- 
age. Scale bar, 50 pm. 

bers (Table 2). ~ d d i t i o n a l l ~ ,  P - ~ a l  was 
frequently not transferred to the oocyte. In 
this assav. &Gal serves as a marker for the ,. . 
likely fate of other nurse cell nuclear pro- 
teins. A failure to transfer critical nuclear 
proteins may explain the early mitotic ar- 
rest of the dcp-1 GLC embryos. 

Breakdown of the nuclear envelope is a 
central event during apoptosis and is ac- 
companied by caspase-mediated cleavage of 
nuclear lamins (1 8, 19). Nuclear lamins are 
intermediate filament proteins that assem- 
ble next to the inner nuclear membrane to 
form the nuclear lamina (20). To  address . , 

whether nuclear lamins were degraded as 
the nurse cell nuclei became ~ermeable. we 
examined egg chambers for t i e  distribuiion 
of lamin Dmo, a Drosophila homolog of 
mammalian lamin B (2 1 ) (Fig. 3).  A mono- 
clonal antibody (mAb) to Dm, revealed the 
loss of lamin Dmo signal in control nurse 
cells. Whereas early egg chambers showed 
sharp nuclear envelope staining of nurse 
cells, by stage 11, lamin staining was a 
diffuse cytoplasmic cloud around the nuclei. 
In contrast to the control, &@-I GLC nurse 
cells continued to show distinct nuclear 
envelope staining even as late as stage 14. 
Thus, dcb-1 mutants were defective in the . . 
cleavage or disassociation, or both, of nu- 
clear lamins. This failure in lamin break- 
down is a likely cause of the defect in 
nuclear permeability revealed by the P-Gal 
marker. Lamin breakdown may be directly 
due to DCP-1 protease activity because pu- 
rified DCP-1 protein is capable of cleaving 
lamin Dmo in vitro (22). In mammalian 
tissue culture cells, mutation of the caspase 
cleavage site in nuclear lamin A causes 
abnormal morphology and a delay in the 
nuclear dissolution of cells undergoing apo- 
ptosis (1 9). Although this effect on cultured 
cells is transient because the cells still die, 
in a developing tissue such as the Drosobhila 
egg chamber precise timing may be critical. 
The failure to cleave correct substrates at 
the appropriate time in development may 
lead to severe abnormalities. 

The process of nurse cell dumping is ac- 
companied by alterations in the actin cy- 
toskeleton (7, 8, 23). To examine whether 
dcp-J mutants were defective in the cy- 
toskeletal reoreanization in nurse cells. we - 
stained egg chambers with rhodamine-phal- 
loidin, which binds to filamentous actin 
(Fig. 4) (24). Actin was localized .to the 
plasma membrane during early stages in 
control and &p-I GLC egg chambers. Dur- 
ing stage 10B in control egg chambers, actin 
bundles formed throughout the cytoplasm, 
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Fig. 4. Failure to reorganize 
filamentous actin in dcp- 1 - 
egg chambers. Confocal im- 
ages of control (A to C) and 
dcp-1 GLC (D to F) egg 
chambers labeled with rho- 
damine-phalloidin (24). (A 
and D) Stage 10A egg 
chambers show subcortical 
actin staining. (Band C) Cy- 
toplasmic actin bundles 
have formed in stage 10B 
(B) and 12 (C) egg cham- 
bers. (E and F) Actin bun- 
dles fail to form in dcp-1 
GLC egg chambers at stag- 
es 11 (E) and 14 (F). Scale 
bar, 50 pm. 
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connecting the nuclei and plasma mem- 
brane. In contrast, actin in many dcp-1 GLC 
egg chambers remained associated with the 
plasma membrane, even in stage 14 egg 
chambers (Table 3).  Therefore, dcp-1 activ- 
itv is reauired for the DroDer formation of . . 
cytoplasmic actin bundles in nurse cells. 

Mutations in certain genes, such as 
chickadee and singed, lead to dumpless phe- 
notypes (8, 25) similar to dcp-1 GLCs. 
Molecular analysis of these genes revealed 
that they encode Drosophila homologs of 
the actin-binding proteins profilin and 
fascin, respectively. Mutants lacking these 
genes showed a disruption of the process of 
actin polymerization and bundling and are 
thought to display dumpless phenotypes 
because the nurse cell nuclei become 
lodged within the ring canals during nurse 
cell dumping. The nuclei within the ring 
canals then obstructed the flow of cyto- 
plasm to the oocyte. Nurse cell nuclei 
within the dcp-1 GLC egg chambers re- 
mained well spaced and did not appear to 
block the ring canals, suggesting that 
dcp-1 activity may be required for the ac- 
tin- and myosin-based contraction that 
drives the dumping process. 

These cytoskeletal changes seen in the 
nurse cells are similar to events that occur 
in cells undergoing classical apoptosis (1, 
26, 27). In cultured cells, cytoskeletal alter- 
ations lead to the formation of blebs and 
apoptotic bodies. Cytoskeleton-associated 
proteins such as fodrin, GasZ, and PAKZ 
may play critical roles in cytoskeletal reor- 
ganization because these proteins are 
cleaved during apoptosis or in vitro by 
caspases (I 1, 28). Disruption of actin poly- 

merization or PAKZ function blocks the 
formation of apoptotic bodies ( I  1, 27). 

In the Drosophila ovary, the process of 
nurse cell cytoplasmic dumping and degen- 
eration occurs in a highly ordered and re- 
~roducible manner. Our results show that a 
caspase is required for multiple events dur- 
ing this process. The dcp-1 GLC nurse cells 
were defective in nuclear breakdown, cy- 
toskeletal reorganization, and membrane 
contraction. Althobzh these morphological 
changes are characteristic of cells undergo- 
ing apoptosis, there are several unusual as- 
pects to this nurse cell death. DNA frag- 
mentation in the nurse cells occurs after the 
majority of cytoplasm has been lost. It is 
likely that apoptotic effectors, such as ac- 
tive DCP-1 protein, are transferred to the 
oocyte during the dumping process. How- 
ever, the oocyte escapes damage, suggesting 
the existence of a ~rotective mechanism. 
Whereas current views of apoptosis invoke 
extensive degradation of cellular proteins 
and organelles (10,29), nurse cells contrib- 
ute functional proteins and mitochondria to 
the oocyte (30). Our findings imply that 
the activity of caspases in this system is 
inhibited or restricted, perhaps by cellular 
compartment or substrate availability. In 
this way, precise surgical cuts are made of 
only the appropriate targets. Finally, this 
process is a clear example of how a single 
cell, the oocyte, uses the death of its sister 
cells to develop properly. 
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Activation of the Cardiac Calcium Release 
Channel (Ryanodine Receptor) by 

Poly-S-Ni trosylation 
Le Xu," Jerry P. Eu," Gerhard Meissner,? Jonathan S. Stamlert 

Several ion channels are reportedly redox responsive, but the molecular basis for the 
changes in activity is not known. The mechanism of nitric oxide action on the cardiac 
calcium release channel (ryanodine receptor) (CRC) in canines was explored. This tet- 
rameric channel contains -84 free thiols and is S-nitrosylated in vivo. S-Nitrosylation of 
up to 12 sites (3 per CRC subunit) led to progressive channel activation that was reversed 
by denitrosylation. In contrast, oxidation of 20 to 24 thiols per CRC (5 or 6 per subunit) had 
no effect on channel function. Oxidation of additional thiols (or of another class of thiols) 
produced irreversible activation. The CRC thus appears to be regulated by poly-S-ni- 
trosylation (multiple covalent attachments), whereas oxidation can lead to loss of control. 
These results reveal that ion channels can differentiate nitrosative from oxidative signals 
and indicate that the CRC is regulated by posttranslational chemical modification(s) of 
sulfurs. 

Maiillnalian tlssucs express three lnajor 
i s o t o r ~ ~ ~ s  of 11itric oxiiie svntliase ( S O S )  
(1 ) .  All three S O S s  have been identified 111 
cardiac or skeletal muscle in close associa- 
tlon 1 ~ 1 t h  [lie sarcolelnma anci have Peen 
i~nplicated in the  reg~ilatlon of force pro- 
duction (1-3). Cytosolic Ca'-, the primary 

~Ieterminant of force, is rcleascil fro111 the 
sarcoplasmic r c t i c ~ ~ l u m  (SR) hy a ryanoil- 
ine-sensitive C R C  in response to ,i nlllscle 
action potential. In  cariliac muscle, the 
C R C  is openeL1 by Ca2+  ions that enter the  
myocyte through a voltage-sensitive dilly- 
dropyr~iiine receptor or L-type Ca'- clian- 
nel 111 a process kno\vn as Ca'+-1nLiuccL1 
Ca'+ release (4) .  Ca3- lolls can also in- 
crease the  activitv of N O S  1 a n J  N O S  3 ( 1  . 
3) .  Nltric oxide ( N O )  then exerts its effects 
by covalently morllfyinz or oxiili:~ng critical 
thiols or transitLon metals in proteins (5).  

N O  may he a phvsiolog~cal moduldtor of 
excitation-c0ntr~1ctio11 (E-C) coupling. It is 
proiil~ced at the sarcolemma, it cycles in  the 
beatlng heart o n  millisecond t ~ m e  scales, and 
it inodi~lates contractility (3). Both the L- 
type Ca'- channel (6 .  7) and C R C  (8) arc 
potential targets of N O  or relateil molecules 

L. Xu and G Mess~ier.  Depaltments of Bochemstry and 
Blophyscs, and Pnysoog). Universty o1North Carol na. 
C17apel H I .  h C  27599. USA. 
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~ I ' C ~ L I S C  they col~tail l  s~~lthviiryls whose oxi- 
dation modulates their f ~ l n c t ~ o n  anii influ- 
ences E-C c o ~ ~ y l i ~ ~ g  (9) .  Indeed, intramolec- 
ular Liisulfiile formation 1s thought to he the 
molecular correlate of NO-mediated clia~lges 
in channel actlrlty (7 ,  1C). In this inoilel, 
channels cannot distinguish S O  signals from 
otlicr rcilos active species-tliat is, they arc 
thoi~ght  to SCI-IS~ changes In oxiL1atio~l state 
rather than the indiviL1llal species responsi- 
hlc for such clh,~nec. Our  results indicate that 
poly-S-nitrosvlation reversibly activates rlhe 
CRC,  nhereas coinnar,~blc decrees of tlhiol 
o x ~ i i a t ~ o n  do not.  W e  further iiiel~tify a t  least 
one other redox site whose oxidation irre- 
verslhly actlvatcs the release channel and 
col~ld iin~lair tnllscle fl lnct~on. 

C R C  purified fi-om canine hearts con- 
taineil S-nitrosothiol (SNO)  groups (74 -t 
35 pmo1 of S N O  per mill~gram of CRC;  n = 

6)  if L1ith~otl~reitol ( D T T )  was eliminatcii 
from rlhe standard buffers used in pur~fication 
(1 1 . 12) ,  nhereas inclusion of D T T  res~~ l t ed  
in allnost coinplete loss of S N O  (3.5 1711101 of 
S N O  per milligram ot CRC;  n = 2 ) .  111 otlier 
words, the C R C  is endogenously S-nitrosv- 
lateil and this posttranslatlonal mo~llfication 
is reversible. Low-mass SNOs arc one class of 
endogenous compounds capable of protein 
S-nitros~lation 113). T o  exa~nine their ef- 
fects o n  s~ngle  cardlac CRCs, \ye incorporat- 

nsttate. Dezartment of hiledcne, ~ i v s o n s o '  Pulmonary ed proteoliposollles pLirifieil 
and Cardlovasc~~lar Medcine and Department of Cell BI-  
ologY, Duke Unlverslty Medical Center, NC cl~annels illto planar lipiii hllayers ( 1  1 . 14).  
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