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2). Although multiple protein substrates of 
caspases have been found, the functional 
significance of the substrates is poorly un
derstood (3). We reasoned that an unbiased 
approach to determine proteins that were 
the best substrates of caspase-3 in vitro 
would yield a physiologically relevant sub
strate. Therefore, we constructed a protein 
library by translating a murine embryo 
cDNA library in vitro (4) and tested the 
translated proteins for their sensitivity to 
caspase-3 cleavage. To facilitate screening, 
we separated the cDNAs into small pools 
before in vitro translation and incorporated 
[35S]methionine into the translation mix to 
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The caspase-3 (CPP32, apopain, YAMA) family of cysteinyl proteases has been impli
cated as key mediators of apoptosis in mammalian cells. Gelsolin was identified as a 
substrate for caspase-3 by screening the translation products of small complementary 
DNA pools for sensitivity to cleavage by caspase-3. Gelsolin was cleaved in vivo in a 
caspase-dependent manner in cells stimulated by Fas. Caspase-cleaved gelsolin sev
ered actin filaments in vitro in a Ca2+-independent manner. Expression of the gelsolin 
cleavage product in multiple cell types caused the cells to round up, detach from the 
plate, and undergo nuclear fragmentation. Neutrophils isolated from mice lacking gel
solin had delayed onset of both blebbing and DNA fragmentation, following apoptosis 
induction, compared with wild-type neutrophils. Thus, cleaved gelsolin may be one 
physiological effector of morphologic change during apoptosis. 
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label the proteins. The translated pools 
were separated into two parts; one portion 
was incubated with active caspase-3, and 
the other portion was incubated with 
caspase-3 inactivated by the addition of 
N-acetyl-Asp-Glu-Val-Asp-fluoromethyl 
ketone (DEVD-fmk) (2). The reaction 
products were resolved by SDS-polyacryl- 
amide gel electrophoresis (PAGE), and pro- 
tein targets of caspase-3 were identified by 
comparing the pattern of 35S-labeled pro- 
teins in the samples treated with active and 
inactive caspase-3. To avoid false positives, 
we found it necessary to carefully titrate the 
amount of enzyme. We used an amount 
sufficient to cleave 80% of a known sub- 
strate of caspase-3, baculovirus protein p35 
(Fig. 1A) (5).  

One thousand cDNA pools, each con- 
taining 100 cDNA clones (100,000 cDNA 
clones total), were screened to identify sub- 
strates of caspase-3. In three different pools, 
incubation of active caspase-3 with labeled 
proteins reduced the intensity of a 65-kD 
band and generated a new band at 48 kD 
(Fig. lA,  pool 4). To identify the cDNA 
clone encoding the 65-kD protein, the 
DNA from the positive pools was used to 
transform Eschenchia coli, and the DNA 
prepared from single colonies was screened 
again. DNA sequencing and polymerase 
chain reaction analyses of the single posi- 
tive clone from all three pools identified the 
65-kD protein as the partial sequence of 
gelsolin from residues 142 to 731. 

Caspase-3 rapidly cleaved full-length re- 
combinant murine gelsolin, confirming that 
gelsolin is a substrate for caspase-3 (Fig. 
1B). Gelsolin was also cleaved upon incu- 
bation with cell extracts prepared from cells 
that were induced to undergo apoptosis by 
Fas activation ( 6 ) .  However, no gelsolin 
cleavage activity was observed in cell ex- 
tracts prepared from untreated cells. Protein 
microsequencing by Edman degradation 
was used to determine the NH,-terminal 
sequences of the cleavage products and in- 
dicated a cleavage site between residues 
Asp352 and Gly353 of murine gelsolin, so 
that products had actual molecular masses 
of 39 (NH,-terminal) and 41 (COOH-ter- 
minal) kD. The sequence in this region, 
A~~~~~-Gln-Thr-As~-Gl~~~~, is consistent 
with the known requirements for efficient 
cleavage by caspase-3 (2) and is conserved 
between mouse, human, and porcine gelso- 
lin (7). Cleavage of gelsolin also resulted in 
dissociation of the 39- and 41-kD cleavage 
products when assayed by size-exclusion 
chromatography (8). 

To examine cleavage of gelsolin during 
apoptosis in vivo, initially we used a mod- 
el cell system in which apoptosis is highly 
inducible (9). The assay used fibroblasts 
that expressed a chimeric receptor com- 

posed of the extracellular and transmem- 
brane domains of murine CD4 and the 
cytoplasmic domain of Fas. Apoptosis was 
induced by antibody cross-linking of the 
extracellular CD4 domains. Gelsolin was 
cleaved into the predicted 39- and 41-kD 
products 30 min after apoptosis induction 
(Fig. 2A). Cleavage of gelsolin occurred 
early and was comparable to the time 
course of cleavage of poly-adenosine 
diphosphate ribose polymerase (PARP), a 
substrate of caspase-3 (Fig. 2A). Both gel- 
solin and PARP cleavage was blocked by 
the cell-permeable inhibitor of caspase-3, 

N-benzyloxycarbonyl-Val-Ala-Asp-fmk 
(zVAD-fmk) (10). Gelsolin cleavage was 
specific, because another cytoskeletal pro- 
tein, filamin, was not cleaved under iden- 
tical conditions (Fig. 2A). Thus, gelsolin 
was specifically cleaved by a caspase-3- 
like enzvme in vivo. and this cleavaee is u 

an early step in Fas-mediated apoptosis. 
Neutro~hils ~urified from human blood 

express large amounts of gelsolin and under- 
go spontaneous apoptosis. The rate of neu- 
trophil apoptosis can be further enhanced by 
cross-linking of Fas or treatment with tumor 
necrosis factor a (TNFa) and cycloheximide 

Fig. 1. Identification of gelsolin as a substrate of A 
caspase-3. (A) Autoradiogram of [35S]methionine- Pools 

labeled proteins treated with purified active (-) or DEVD-fmk 
inactivated [by addition of a caspase-3 inhibitor, 
DND-fmk (+)I recombinant caspase-3. Lanes 1 
through 6 contain the translated proteins from six 
different representative pools of cDNAs (23). The 
arrows indicate a caspase-3-sensitive protein 
that is cleaved from an apparent size of 65 kD to 
48 kD. This protein was identified as gelsolin. (B) 
Cleavage of bacterially expressed murine gelsolin 
(16) by caspase-3. Gelsolin (13.5 pg) and 
caspase-3 (6 ng/ml) were incubated at 37°C for 
the indicated times in 6 mM tris-HCI (pH 7.5), 1.2 
mM CaCI,, 5 mM dithiothreitol (DTT), 1.5 mM 
MgCI,, and 1 mM KC1 in a 25 p1 volume. A volume 
of 2 pI was resolved on a gel and stained with 
Coomassie blue. Bands of apparent size of 48 and 40 kD, 
corresponding to actual molecular sizes of 41 and 39 kD, re- 
spectively, are seen. 

- - 
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m 
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Fig. 2. Gelsolin was cleaved in apoptosis in- C 
duced by Fas and TNFa. (A) Apoptosis was + Untreated 
induced by receptor cross-linking with and with- 
out 200 pM zVAD-fmk (caspase inhibitor) in mu- 3 75 

-6- Fas treated 

rine L929 cells as described (9). The cell lysates 
from an equal number of ce l l  were analyzed by 
SDS-PAGE and immunoblotted with anti-gelso- 
lin [top panel: polyclonal antibody (76)], anti- a 
PARP (middle panel; Enzyme Systems Prod- 3 
ucts), and anti-filamin (bottom; Sigma). The im- 
munoblots were visualized by ECL (Amersham). 0 

o 5 10 15 20 25 
(B) Human neutrophils were isolated with the 
neutrophil isolation medium (Cardinal Associ- 

Time ( hours ) 

ates) and resuspended in RPMl with 10% fetal bovine serum (FBS) (24). Equal numbers of cells were 
used to prepare cell lysates after incubation with FAS antibody (1 pg/ml, top) or 10 pg/ml TNF and 10 
ng/ml cycloheximide (bottom). The lysates were separated by SDS-PAGE and analyzed by immuno- 
blotting with a monoclonal antibody to gelsolin (Sigma), which detects only the COOH-terminal 41 -kD 
fragment. (C) Human neutrophils were stained at different time points after isolation from blood, using 
annexin V apoptosis kit (Clontech), and the number of live cells was estimated by counting the number 
of annexin- and propidium iodide-negative cells (24). 
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(1 1 ). To determine if gelsolin is also cleaved antibody to gelsolin that recognizes an 
when neutrophils undergo apoptosis, we an- epitope in the COOH-terminal half of gel- 
alyzed neutrophil lysates with a monoclonal solin. During spontaneous apoptosis in neu- 

0 2 4 6 8 1 0 1 2 1 4  

T l m  (min) 

Fig. 3. Caspase-3-cleaved gelsdin is 
activated and severs actin filaments in a 
Ca2+-independent manner. (4 (Top) 
C$+-independent depolymenzatii of 
actin filaments in vitro. We incubated 0.5 pM polymerized pyrene-labeled actin and 50 nM gelsolin (arch) or 
caspase-3-cleaved gelsolin (triangles) in 2 mM tris-HCI (pH 7.5), 0.5 mM adenosine triphosphate, 0.2 mM 
DTT, 2 mM MgCI,, and 150 mM KCI, with CaCI, (0.2 mM; open circles and triangles) or with EGTA (1 mM; 
d i d  circles and triangles). The change in pyrene fluorescence with time is shown. (Bottom) Cleaved gelsolin 
severs F-actin faster than a complex with G-actin is formed. Cleaved gelsolin (20 nM final concentration) was 
directly added to 0.5 mM F-actin (triangles), or mixed with a twofold molar ratio of G-actin and immediately 
added (open diamonds) or incubated for 10 min (closed diamonds) and then added to 300 pI of 0.5 WM 
F-actin. (B) Cleaved gelsolin severs the actin cytoskeleton. Permeabilied embryonic fibroblasts (Gsn-'-) were 
incubated with gelsolin or cleaved gelsolin and the actin filaments were visualized by staining wth TRITC- 
phalloidin, as described (25). (C) The NH,-terminal gdsolin cleavage fragment induces breakdown of the 
cytoskeleton. The cdls were injected with DNA end ing the NH,-terminal (top) or COOH-terminal (bottom) 
fragments of gelsdin and with a plasrnid end ing GFP, and were sbned for actin filamerrts with TRITC- 
phalloidin 5 hours later. The mows point to the injected cells. The right panel indicates GFP expression, and 
the left panel indicates actin staining (TRITC-phalloidin) of the same field (26). (0) Adenovirus expressing the 
NH,-terminal gelsolin fragment induces apoptosis. A7 cells (a human melanoma cell line) were infected with 
adenovirus, prepared as described (27), expressing the NH,-terminal caspase-3 cleavage fragment of 
gelsolin (residues 1 through 352, top) or full-length gelsolin (1 through 731, bottom). (E) The NH,-terminal 
gelsolin cleavage fragment induces changes in cell morphology and acts downstream of caspases. The cells 
were injected with DNA as in (C) and were incubated with dimethyl suifoxide (left panels) or 100 FM zVADfrnk 
(right panels). The injected cells appear green because of GFP expression. 

trophils, gelsolin amounts decreased and a 
41-kD fragment appeared with time (Fig. 
2B)-a size identical to fragments generated 
by cleavage of gelsolin by caspase-3. Increas- 
ing the rate of neutrophil apoptosis by cross- 
linking Fas with antibodies or treatment 
with TNFa and cycloheximide resulted in 
an increase in the rate of gelsolin cleavage 
and appearance of the 41-kD fragment (Fig. 
2, B and C). Thus, the cleavage of gelsolin 
observed in vitro also occurred during 
apoptosis of neutrophils. 

To determine the functional signifi- 
cance of gelsolin cleavage, we examined the 
activities of cleaved and native gelsolin, 
using pyrene-actin fluorimetry. In this as- 
say, the conversion of filamentous (F) actin 
to monomeric (G) actin is monitored by 
the 25-fold difference in fluorescence be- 
tween the two states. Native gelsolin severs 
actin polymers in a Ca2+-dependent man- 
ner (12, 13), whereas caspase-3-cleaved 
gelsolin severed actin polymers indepen- 
dent of Ca2+ (Fig. 3A, top). Gelsolin has 
both actin monomer-binding and F-actin- 
severing activities (1 2, 13). However, the 
cleaved gelsolin preferentially severed actin 
filaments even when briefly incubated with 
excess monomeric actin (Fig. 3A, bottom), 
suggesting that the cleaved gelsolin gener- 
ated in cells during apoptosis may preferen- 
tially sever actin filaments rather than bind 
monomeric actin. Next, we used permeabil- 
ized fibroblasts to determine the ability of 
cleaved gelsolin to depolymerize the cy- 
toskeletal actin filaments. Cleaved gelsolin 
depolymerized the actin cytoskeleton in a 
Ca2+-independent manner, whereas uncut 
gelsolin was inactive in the presence of 
EGTA (Fig. 3B). 

The actin-severing activity of gelsolin 
resides in the NH,-terminal region, residues 
1 to 160 (1 2). To test if the NH2-terminal 
fragment of gelsolin generated by caspase-3 
cleavage could depolymerize actin in vivo, 
we microinjected DNA encoding the NH2- 
terminal fragment (1 to 352) or the 
COOH-terminal fragment (353 to 73 1) 
into fibroblasts. Expression of the NH2- 
terminal fragment caused a rapid depoly- 
merization of the actin cytoskeleton, where- 
as the COOH-terminal fragment had no 
effect on actin filaments (Fig. 3C). The 
injection of full-length gelsolin also had no 
effect on the cell morphology. To deter- 
mine if gelsolin acts directly to depolymer- 
ize actin filaments or indirectly by activat- 
ing caspases, we incubated the microin- 
jected cells with a caspase inhibitor, zVAD- 
fmk. Inhibition of caspases did not block 
the changes in cell morphology induced by 
the expression of the NH2-terminal frag- 
ment of gelsolin (Fig. 3E). We also con- 
structed adenoviral vectors expressing the 
NH2-terminal fragment (1 to 352) or full- 
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length gelsolin. The adenovirus vector ex- 
pressing the NH2-terminal fragment caused 
rapid cell death in A7 melanoma cells, with 
both morphologic changes and nuclear frag- 
mentation in the majority of cells within 48 
hours of application [determined by termi- 
nal deoxytransferase (TdT)-mediated de- 
oxyuridine triphosphate (dUTP) nick-end 
labeling (TUNEL) staining (14)], whereas 
the full-length construct had no effect (Fig. 
3D). A similar result was observed in other 
cell types, including M2 melanoma cells 
and NIH 3T3 cells. Both p53+1+ and p53-/- 
murine embryo fibroblasts (15) also dis- 
played morphologic changes of apoptosis 
within 48 hours of infection by the gelsolin 
NH2-terminal fragment-expressing adeno- 
virus. Thus, cleavage of gelsolin generated 
an NH2-terminal fragment that depolymer- 
izes the actin cytoskeleton in a Ca2+-inde- 
pendent manner, induces cell death, and 
may be a downstream effector of the mor- 
phological changes that are observed during 
apoptosis. 

We used gelsolin null cells derived from 
Gsn-I- mice (1 6) to examine the importance 
of gelsolin in apoptosis occurring during 
physiological stimuli. The course of apopto- 
sis in peritoneal neutrophils treated with 
TNF plus cycloheximide (TNF+CHX) was 
assessed by videomicroscopy. Wild-type neu- 
trophils developed blebs as early as 48 min 

after TNF+CHX, and 52% of cells (32 of 
61) had begun blebbing by 6 hours (Fig. 4A). 
In contrast (Fig. 4B), Gsn-I- neutrophils did 
not develop blebs until 2 hours 2 min after 
TNF+CHX, and at 6 hours, only 12% of 
cells (10 of 83, P < 0.001) had blebs. This 
delay in the progression of apoptosis ap- 
peared to contribute directly to a delay in 
DNA fragmentation in Gsn-1- cells com- 
pared with wild-type cells, as assessed in 
TUNEL assays (Fig. 4C) and DNA analysis 
bv electrovhoresis (17). No difference in . . 
caspase-3 activation was observed when 
Gsn-I- and wild-type neutrophils were com- 
pared, as assessed with the peptide substrate 
DEVD-7-amino-4-trifluoromethylcoumarin 
(DEVD-AFC) (18), suggesting that the dif- 
ferences seen were from a defect in apoptotic 
progression downstream of caspase-3 activa- 
tion. Similar differences in apoptotic pro- 
gression were seen in Gsn4- neutrophils in 
response to treatment with a monoclonal 
antibodv to Fas. Our results mav ex~lain the , . 
previously observed moderate neutrophilia 
of Gsn-I- mice, which have approximately 
twice the number of circulating neutrophils 
as wild-type mice (1 6). 

To confirm the role of cleavage of gel- 
solin in the morphologic changes of apopto- 
sis. we used the human malirmant cell line - 
HeLa, which does not express gelsolin and 
is relatively resistant to apoptosis (19). Gel- 

solin-expressing, stably transfected HeLa 
cell lines were more sensitive to human 
TNFcx than were HeLa sublines transfected 
with control vector alone. Some 72%, 52%, 
and 38% of the cells from three different 
gelsolin-expressing HeLa sublines displayed 
cell rounding and blebbing after treatment 
with TNF+CHX for 12 hours, while only 
8% of the cells from a control line showed 
these chanees. 

Fig. 4. Gelsolin null neutrophils have a % 

- 
Caspase or caspase-like cleavage of mul- 

tiple proteins has been described (3, 20), 
but few of these are known to have direct 
physiological significance in the morpho- 
logic changes and nuclear degradation that 
are hallmarks of apoptosis. Using an unbi- 
ased approach, we found that the actin- 
modulating protein gelsolin is the most 
prominent direct substrate of caspase-3 in 

reduced rate of cell death. Neutrophils 100- 

were isolated from the peritoneal exu- 
dates of wild-type and Gsn-'- mice 5 

M 
hours after thioglycollate administration 
(16). Neutrophils were washed in PBS , 
and then minimum essential medium, 2 a 
then were suspended in RPMl with 10% 'g 
FBS at 1 O6 cells/ml. mTNFa and cyclo- Q 

heximide (10 p,g/ml) were used to in- 40 

duce of blebbing apoptosis. onset (A in and wild-type 6) Comparison (A) versus I- 5 
Gsn-' (B) neutrophils. Arrows indicate ER 2 0 -  

blebbing cells. Videomicroscopy was 
performed with differential interference 

murine embryos. Our data also indicate that 
gelsolin is a probable in vivo target of the 
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apoptotic caspase-initiated cascade and that 
the gelsolin fragment mediates, in part, the 
morphologic changes of apoptosis. Blockade 
or enhancement of gelsolin cleavage might 
retard or enhance apoptosis in multiple cell 
types. Gelsolin is the founding member of 
an evolutionarily conserved family of pro- 
teins that extends to Dictyostelium and Dro- 
sophila, and in humans consists of at least six 
proteins, whose expression is tissue-specific 
(21 ). Apoptotic cleavage of other gelsolin 
family members may also occur, and it is 
possible that these gelsolin homologs have 

contrast optics on a Zeiss Axiovert 405M 0 
4 8 1 2  

inverted microscope, Images were col- 
lected with a Hamarnatsu C2400 video Time(hr) 

camera (Photonic Microscopy. Bridgewater, New Jersey) and recorded on a Panasonic TQ-3038F video 
recorder. (C) Comparison of DNA fragmentation in Gsn-'- and wild-type neutrophils. The fraction of apoptotic 
cells as determined by FACS analysis in a TUNEL assay are shown (74). n = 3 with error bars. 

similar roles in mediating apoptotic cy- 
toskeletal changes in specific cell types and 
tissues. Gelsolin itself is widely expressed in 
adult mammalian tissues (1 3, 16), and its 
expression is specifically down-regulated in 
many human neoplastic lesions, including 
bladder, breast, and colon cancer (22). 
These observations on the role of gelsolin 
in apoptosis suggest that gelsolin down-reg- 
ulation in tumors may be one mechanism 
by which tumors evade apoptotic signaling 
pathways. 
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anism from the membrane-bound B cell 
receptor (BCR) that extinguishes the ex
pression of the recombinase-activating 
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genes (RAG1 and RAG2) (4). Self-reactive 
BCRs generated during this random gene 
recombination process can be eliminated in 
the bone marrow by continued recombina
tion (receptor editing) or by deletion (5). B 
cells leaving the bone marrow are hypoth
esized to have fixed receptors that can only 
be altered by somatic hypermutation, a pro
cess that would maintain allelic exclusion 
(6). Thus, somatic hypermutation is 
thought to be the mechanism of antibody 
gene mutation predicted in the clonal se
lection theory (1). 

RAG1 and RAG2 are the recombina
tion signal sequence (RSS)-specific endo-
nucleases that activate V(D)J recombina
tion (7). In addition to being found in 
developing lymphocytes, RAGs are tran
scribed in germinal centers (8), which are 
the foci of hypermutation (9), switch re
combination (10), and B cell clonal expan
sion in response to antigen (11). The find
ing that RAGs are expressed in germinal 
centers suggested that they might mediate 
antigen receptor diversification in mature B 
cells that are responding to antigenic stim
ulation. However, expression of the RAG 
genes does not necessarily translate into 
immune receptor gene recombination: 
RAG1 is transcribed in the brain, with no 
known function to date (12), and RAG1 
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