
Protease Activity of in Vitro Transcribed and Translated
Caenorhabditis elegans Cell Death Gene (ced-3) Product*

(Received for publication, May 8, 1995, and in revised form, October 25, 1995)

Margaret Hugunin, Lucia J. Quintal, John A. Mankovich, and Tariq Ghayur‡

From the BASF Bioresearch Corporation, Worcester, Massachusetts, 01605-4314

The Caenorhabditis elegans cell death gene, ced-3, en-
codes one of the two proteins required for apoptosis in
this organism. The primary sequence similarities be-
tween Ced-3 and the mammalian interleukin-1b con-
verting enzyme (ICE) suggest that these two proteins
may have functionally similar active sites and that
Ced-3 may function as a cysteine protease. Here we re-
port that in vitro transcribed and translated Ced-3 pro-
tein (p56) underwent rapid processing to smaller frag-
ments. Replacement of the predicted active site cysteine
of Ced-3 with serine (C364S) prevented the generation of
smaller proteolytic fragments, suggesting that the proc-
essing might be an autocatalytic process. Peptide alde-
hydes with aspartic acid at the P1 position blocked
Ced-3 autocatalysis. Furthermore, the protease inhibi-
tion profile of Ced-3 was similar to the profile reported
for ICE. These functional data demonstrate that Ced-3 is
an Asp-dependent cysteine protease with substrate
specificity similar to that of ICE. Aurintricarboxylic
acid, an inhibitor of apoptosis in mammalian cells,
blocked Ced-3 autocatalytic activity, suggesting that an
aurintricarboxylic acid-sensitive Ced-3/ICE-related pro-
tease might be involved in the apoptosis pathway(s) in
mammalian cells.

Apoptosis, or programmed cell death, plays an important
role in many multicellular organisms, in morphogenesis, mat-
uration of B and T lymphocytes, development of the nervous
system, and destruction of unwanted cells, as well as in the
pathogenesis of some diseases. A better understanding of this
process could lead to development of specific inhibitors to treat
apoptosis-related diseases. The nematode Caenorhabditis el-
egans provides an excellent model in which to study the genetic
pathway(s) involved in apoptosis. 11 genes have been identified
and implicated in apoptosis in C. elegans (1). The functions of
three of these genes are well characterized; the gene product
Ced-9 prevents (2) and the Ced-3 and Ced-4 gene products
promote apoptotic cell death (3, 4).
Some of the C. elegans apoptosis genes have homologs in

mammalian cells. Correlation of the functional activities of
these gene products with the activities of their mammalian
homologs could lead to a better understanding of apoptosis in
mammals. The mammalian gene bcl-2 can functionally substi-
tute for ced-9 in C. elegans (5), suggesting that the BCL-2
proto-oncogene product is the mammalian homolog of Ced-9.
Based on the amino acid similarities between Ced-3 and the

interleukin-1b converting enzyme (ICE)1 it was suggested that
ICE might be a mammalian homolog of Ced-3 (6). Although the
ced-4 gene has been cloned, no mammalian homolog of Ced-4
has been reported.
Ced-3 and ICE are two members of a growing family of

proteins, which also includes the mouse product Nedd2 (neu-
ronal precursor cell-expressed, developmentally down-regu-
lated gene-2) (7), its human homolog Ich-1 (ICE and Ced-3
homolog-1) (8), Ich-2 (9) (also known as TX (10) and ICErel II
(11)), CPP32/YAMA (12–14)/prICE (15), ICErel III (11), and
Mch2 (mammalian Ced-3 homolog 2) (16). Functionally, over-
expression of these Ced-3/ICE-related proteins in mammalian
or insect cells induces apoptosis. Since ICE functions as a
cysteine protease with an absolute requirement for aspartic
acid at the P1 position (17, 18), it has been proposed that these
Ced-3/ICE-related proteins function as Asp-dependent cysteine
proteases. In fact, the catalytic cysteine and histidine as well as
the residues defining the P1 carboxylate binding pocket of ICE,
as determined by the three-dimensional x-ray crystal struc-
ture, are conserved in all these Ced-3/ICE-related proteins
(19, 20).
ICE converts biologically inactive 31-kDa proIL-1b to its

biologically active 17-kDa form. ICE is synthesized as a 45-kDa
(p45) zymogen and is processed to generate the p20 and p10
subunits that comprise the active heterodimeric enzyme (17).
Generation of the active enzyme requires four cleavages within
p45 ICE (between residues 103 and 104, 119 and 120, 297 and
298, and 316 and 317). These cleavages occur between the
Asp–X bonds, the primary substrate specificity of ICE itself,
suggesting that conversion of p45 to its active heterodimeric
form might be an autocatalytic event (17), that is, the result of
the enzyme activity of ICE itself. The Asp residues at postions
103 and 297 in the ICE precursor are conserved in Ced-3
(residues 131 and 371 of the putative p56 Ced-3 zymogen) (6),
suggesting that the active form of the Ced-3 protein might also
be generated by autocatalysis.
We performed the studies presented here to determine pro-

tease activity of Ced-3 protein and its functional similarities to
ICE. To this end, we developed an assay to detect autocatalysis
of in vitro translated Ced-3 protein and used this assay to-
gether with various substrate and inhibitor studies to demon-
strate that Ced-3 is an Asp-dependent cysteine protease.

MATERIALS AND METHODS

In Vitro Transcription and Translation Reactions—Full-length
cDNA encoding Ced-3 was kindly provided by Dr. Horvitz (MIT, Cam-
bridge, MA). For in vitro transcription and translation, this cDNA was
subcloned into a T7 polymerase promoter containing plasmid (modified
pSVb, Clonetech, Palo Alto, CA). The cDNAs encoding human p45 ICE
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precursor (amino acids 1–404), human and murine proIL-1b, and hu-
man poly(ADP-ribose) polymerase (PARP) were polymerase chain reac-
tion-cloned. The polymerase chain reaction primers were designed
based upon the published cDNA sequences of human ICE (21), human
(22) and murine (23) proIL-1b, and human PARP (24).
The various 35S-labeled proteins were made by using a coupled

transcription and translation (TNT) system (Promega, Madison, WI).
Briefly, 1 mg of DNA was added directly to TNT rabbit reticulocyte
lysate, and reactions were carried out at 30 °C. For some experiments
(see Fig. 3) 35S-labeled and nonlabeled wild-type (WT) Ced-3 proteins
were synthesized in parallel reactions. The nonlabeled WT Ced-3 pro-
teins were mixed with 35S-labeled C364S Ced-3 mutant or human and
murine proIL-1b or human PARP at a ratio of 1:1. Control samples of
35S-labeled WT Ced-3 were mixed with fresh rabbit reticulocyte lysates
at a 1:1 ratio to account for the dilution factor.
Construction of C364S Ced-3 Mutant—The C364S Ced-3 mutant

template was generated by a two-step polymerase chain reaction-based
overlapping site-directed mutagenesis (25). The internal overlapping
primers used to generate the mutation of cysteine 364 to serine were 59
mutant oligo (59-TGCAGGCTTCTCGAGGCGAACGTCGT-39) and 39
mutant oligo (59-ACGACGTTCGCCTCGAGAAGCCTGCAC-39). The
mutagenized gene was then amplified by using oligonucleotides primers
that placed a SpeI site at the 59-end (59-GGACTAGTATGATGCGTCAA-
GATAGAAGG-39) and a ClaI site at the 39-end (59-GGATCGATCCTC-
TATTAGACGGCAGAGTTTCGTGC-39). The amplified product was di-
gested with SpeI and ClaI and subcloned into a T7 polymerase promoter
containing plasmid. The C364S Ced-3 mutant was verified by DNA
sequence determination.
Inhibition Studies—The protease inhibitors iodoacetamide, leupep-

tin, pepstatin, phenylmethylsulfonyl fluoride, and E-64 were purchased
from Sigma. Two tetrapeptide aldehydes with Asp at P1 position (Ac-
YVAD-CHO (17) and Ac-DEVD-CHO (12)) were purchased from
Bachem Bioscience (Philadelphia, PA). The tetrapeptide aldehyde, Ac-
YVAD-CHO, a potent ICE inhibitor, is based on one of the ICE cleavage
site on the proIL-1b molecule (17); whereas, the tetrapeptide aldehyde
Ac-DEVD-CHO, a potent inhibitor of CPP32, is based on the CPP32/
YAMA (12–14)/prICE (15) cleavage site on the PARP molecule. Anti-
apoptosis compounds acetyl-L-carnitine, zinc sulfate (ZnSO4), and au-
rintricarboxylic acid (ATA) were obtained from Aldrich. Stock solutions
of these compounds were made in the appropriate solvent, either dis-
tilled/deionized water, ethanol, or dimethyl sulfoxide (Sigma). Reac-
tions ran overnight at room temperature and were analyzed on a
10–20% Tris-Tricine gradient polyacrylamide gel (Integrated Separa-
tion Systems, Natick, MA). Bands were visualized by autoradiography.

RESULTS

Protease Nature of Ced-3 Protein—For functional character-
ization of Ced-3, we made full-length p56 Ced-3 protein using
in vitro TNT reactions and collected aliquots at various time
points after initiation of the reactions. As shown in Fig. 1, at
time points up to 30 min, the p56 Ced-3 protein was the
predominant form, but at 45, 60, and 90 min, several lower
molecular weight bands (42, 40, 30, 26, 24, 18, and 10 kDa)
were present. The intensity of the p56 band decreased between
30 and 90 min, while the intensity of the the lower molecular
weight bands increased during the same time period. These
results demonstrate that the p56 Ced-3 protein degrades when
made in rabbit reticulocyte lysates.
To determine whether the breakdown of the in vitro trans-

lated p56 Ced-3 protein, as shown in Fig. 1, was the result of
autocatalysis of Ced-3 or an activity characteristic of the ly-
sates, we performed the following experiments. Using the in
vitro TNT reactions, we made Ced-3, human p45 ICE, and
human proIL-1b proteins and incubated these proteins in the
rabbit reticulocyte lysates overnight at room temperature in
order to determine their stability in this assay system. The
results in Fig. 2 show that unlike Ced-3, the p45 ICE and
proIL-1b proteins were stable. The addition of recombinant
ICE (derived from sf 9 cells infected with baculovirus encoding
the ICE protein) resulted in the processing of the in vitro
translated p45 ICE and proIL-1b proteins to their respective
cleavage products (Fig. 2). The degradation of the p45 ICE and
proIL-1b proteins, shown in Fig. 2, was therefore the result of

the activity provided by active ICE, not by a nonspecific activity
found in the lysates. One can infer, therefore, that the observed
degradation of Ced-3 also results from specific proteolysis
rather than a nonspecific activity.
To demonstrate that the degradation of p56 Ced-3 protein

was due to the proposed protease activity of Ced-3 (autocatal-
ysis), we used a mutant called the C364S mutant, in which the
putative active site cysteine, residue 364, was replaced by a
serine. The results in Fig. 3A show that the TNT-synthesized
C364S mutant was stable and did not generate the lower mo-
lecular weight bands, while the WT p56 Ced-3 protein did
degrade, as evidenced by the presence of lower molecular
weight bands. These data demonstrate that p56 Ced-3 protein
degrades by autocatalysis and that cysteine 364 plays a crucial
role in this proteolytic process.
To determine if WT p56 Ced-3 can cleave the C364S mutant

and if the products of p56 Ced-3 autocatalysis possess proteo-
lytic activity, WT p56 Ced-3 protein (30-min TNT reaction) or

FIG. 1. Kinetics of p56 Ced-3 protein synthesis and degrada-
tion after the initiation of in vitro transcription and translation
reaction. Samples were removed to denaturing buffer at the indicated
time points and analyzed at the completion of the experiment on a
10–20% Tris-Tricine gradient polyacrylamide gel (Integrated Separa-
tion Systems). The molecular weight size markers are indicated on the
left. The arrows on the right indicate the various lower molecular
weight degradation products of the p56 Ced-3 protein.

FIG. 2. Human p45 ICE and human proIL-1b proteins made in
the in vitro transcription and translation reactions do not un-
dergo degradation. A, human p45 ICE protein incubated overnight at
room temperature in the absence (lane 1) or presence (lane 2) of rICE.
B, human proIL-1b protein incubated overnight at room temperature in
the absence (lane 3) or presence (lane 4) of rICE. C, Ced-3 protein
incubated overnight at room temperature in the absence of rICE (lane
5). The arrows on the left indicate the various molecular species
generated.
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products of p56 Ced-3 autocatalysis (90-min TNT reaction)
were mixed with the C364S mutant protein and incubated
overnight at room temperature. Both the 30- and 90-min Ced-3
reaction products cleaved the C364S mutant protein, as dem-
onstrated by the appearance of lower molecular weight bands
shown in Fig. 3A. Cleavage of C364S mutant by WT p56 Ced-3
or by the autocatalysis products of p56 Ced-3 generated the
same sized bands as did autocatalysis of WT Ced-3. Collec-
tively, these data demonstrate that the products of p56 Ced-3
autocatalysis retain proteolytic activity. Recombinant ICE
(produced by baculovirus-infected sf 9 cells) also cleaved the
C364S mutant protein (Fig. 3A).
Proteolysis of ProIL-1b by Ced-3—ICE cleaves proIL-1b at

two sites. Cleavage at the first ICE site, between residues
Asp-27 and Gly-28, generates a 28-kDa IL-1b fragment; cleav-
age at the second site, between residues Asp-116 and Ala-117,
generates a 17-kDa fragment (26, 27). To determine if Ced-3,
like ICE, can process proIL-1b, we incubated p56 Ced-3 (30-
min TNT reaction) or autoprocessed Ced-3 (90-min TNT reac-
tion) with either human or murine proIL-1b (the proIL-1bs
were also made using the TNT reaction). The results in Fig. 3B
demonstrate that autoprocessed Ced-3 cleaved human and mu-
rine proIL-1b to varying degrees. Autoprocessed Ced-3 cleaved
human proIL-1b to a 28-kDa form (probably acting at the first
ICE cleavage site), but the 17-kDa IL-1b form (the product of
the second ICE cleavage) was not detected. Autoprocessed

Ced-3 generated two proteolytic products, approximately 28
and 17 kDa from murine proIL-1b. In contrast, the p56 form of
Ced-3 (30-min TNT reaction) did not process either human or
murine proIL-1b. Incubation of p56 Ced-3 with proIL-1b pre-
vents autocatalysis of Ced-3 and generation of the products of
that reaction (data not shown).2 Since both p56 Ced-3 and the
products of its autocatalysis process the C364S Ced-3 mutant
(Fig. 3A), the results presented in Fig. 3B suggest that auto-
processed Ced-3 may have a different substrate specificity
and/or higher specific activity than the p56 Ced-3 form.
Proteolysis of PARP by Ced-3—Recent studies have shown a

strong correlation between cleavage of PARP by ICE-related
proteases and apoptosis in mammalian cells as well as in
isolated nuclei (12–16). Also, recently, it has been suggested
that Ced-3 can cleave human PARP (Ref. 28, and see “Adden-
dum”). Therefore, we determined if both p56 Ced-3 and prod-
ucts of its autocatalysis would cleave in vitro TNT PARP. The
results in Fig. 3C demonstrate that both the p56 as well as the
autoprocessed forms of Ced-3 cleaved full-length PARP to gen-
erate 85- and 24-kDa fragments. However, the autoprocessed
form of Ced-3 (909 TNT reaction) was more efficient at cleaving
PARP than the p56 form (309 TNT reaction). The data in Fig. 3
also demonstrate that human PARP is a better substrate for

2 M. Hugunin, L. Quintal, and T. Ghayur, unpublished observations.

FIG. 3. Enzymatic activities of in vitro transcribed and translated p56 CED-3 and the products of its autocatalysis. A, WT Ced-3
(radiolabeled (lane 1) and nonradiolabeled) and C364S Ced-3 mutant (radiolabeled (lane 2)) proteins were synthesized in in vitro transcription and
translation reactions. The radiolabeled WT Ced-3 (lane 3) and C364S mutant (lane 4) proteins were incubated overnight at room temperature. The
radiolabeled C364S Ced-3 mutant protein was also incubated overnight with nonradiolabeled WT Ced-3 protein (309 reaction, lane 5)), with
nonradiolabeled WT Ced-3 (909 reaction, lane 6), or with rICE (lane 7). The molecular weight markers are depicted on the left. The arrows on the
right depict the molecular sizes of the proteolytic fragments. B, radiolabeled human and murine proIL-1b proteins were synthesized in in vitro
transcription and translation reactions (lanes 1 and 4). These proteins were incubated overnight with nonradiolabeled WT Ced-3 protein (309
reaction, lanes 2 and 5)), or with nonradiolabeled WT Ced-3 protein (909 Ced-3 reaction, lanes 3 and 6)). Positions of 31-kDa proIL-1b (pIL-1b), the
28-kDa intermediate (28 kDa), and the 17-kDa mature IL-1b (mIL-1b) are indicated with arrows. C, in vitro transcribed and translated
radiolabeled PARP protein (lane 1) was incubated with nonradiolabeled WT Ced-3 protein (309 reaction lane 2) or WT Ced-3 protein (909 reaction,
lane 3). Positions of full-length PARP and the 85- and 24-kDa proteolytic fragments are indicated by arrows.

Protease Activity of ced-3 Gene Product 3519



Ced-3 than human proIL-1b. A similar substrate specificity has
also been demonstrated for the CPP32/YAMA/prICE.
Protease Inhibition Profile of Ced-3 Autocatalysis—To deter-

mine if ICE and Ced-3 have similar protease inhibition profiles,
we compared our experimentally determined profile of p56
Ced-3 with published reports of the protease inhibitor profile of
ICE (17, 18). The data in Fig. 4A show that the protease
inhibitors leupeptin, pepstatin, phenylmethylsulfonyl fluoride,
and E-64, which do not inhibit ICE activity, also do not inhibit
Ced-3 autocatalysis. On the other hand, protease inhibitors
that inhibit ICE activity, such as iodoacetamide and Ac-YVAD-
aldehyde (17), did inhibit Ced-3 autocatalysis (also see Fig. 4C).
That the inhibition profiles of ICE and Ced-3 are similar sug-
gests that the catalytic specificities of the two proteins are
similar and further supports the hypothesis that these proteins
are functionally homologous.
We also determined if all the autocatalytic cleavages within

the Ced-3 molecule are equally sensitive to various inhibitors.
The results in Fig. 4C demonstrate that ATA and iodoacet-
amide blocked all autocatalytic cleavages of the p56 Ced-3 for
up to 16 h of incubation at room temperature. In contrast and

as observed in Fig. 4, A and B, E-64 and pepstatin were com-
pletely ineffective at inhibiting Ced-3 autocatalysis.
Since in vitro transcribed and translated PARP protein was

cleaved more efficiently by Ced-3 than proIL-1b (Fig. 3), we
tested PARP-derived peptide (Ac-DEVD-CHO; a potent inhib-
itor of CPP32) and proIL-1b-derived peptide (Ac-YVAD-CHO; a
potent inhibitor of ICE) for their abilities to block Ced-3 auto-
catalysis. The results in Fig. 4D demonstrate that the two
peptide aldehydes inhibited Ced-3 autocatalysis to varying de-
grees. Ac-DEVD-CHO blocked all autocatalytic cleavages of
p56 Ced-3 for up to 16 h of incubation, whereas, in the presence
of Ac-YVAD-CHO, some p56 autocatalysis was observed at 16 h
postincubation. The control peptide aldehyde Ac-LLR-CHO
(leupeptin) was ineffective at blocking Ced-3 autocatalysis.
Anti-apoptosis Compounds and Inhibition of Ced-3 Autoca-

talysis—Since ced-3 is required for apoptosis in C. elegans, we
evaluated the effects of apoptosis inhibitors on Ced-3 autoca-
talysis in vitro. We tested three inhibitors of mammalian cell
apoptosis, ATA (29), ZnSO4 (30), and acetyl-L-carnitine (31), for
their ability to inhibit Ced-3 autocatalysis. The results pre-
sented in Fig. 4B demonstrate that acetyl-L-carnitine and

FIG. 4. Inhibition of p56 Ced-3 auto-
catalysis. A, protease inhibition profile of
p56 Ced-3 autocatalysis; B, effects of anti-
apoptosis compounds on p56 Ced-3 auto-
catalysis. Wild-type p56 Ced-3 protein
was made in a 309 in vitro transcription
and translation reaction. Aliquots of p56
Ced-3 protein were incubated overnight
at room temperature in the absence or
presence of various test compounds. Only
the p56 band is shown for each lane. C,
effects of various compounds at blocking
autocatalytic cleavages of p56 Ced-3. Ex-
cept for iodoacetamide (1000 mM), all com-
pounds were tested at a concentration of
100 mM. D, the ability of proIL-1b- and
PARP-derived tetrapeptide aldehyde in-
hibitors to block autocatalytic cleavages
of p56 Ced-3. Leupeptin was used as an
aldehyde control. All peptides were tested
at a concentration of 100 mM. The arrows
on the right indicate the molecular
weights of autocatalytic fragments of p56
Ced-3.
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ZnSO4 do not inhibit Ced-3 autocatalysis but that ATA is a
potent inhibitor of Ced-3 autocatalysis. ATA did not inhibit ICE
activity at concentrations up to 200 mM (data not shown).3

DISCUSSION

The data in this report demonstrate the protease nature of in
vitro transcribed and translated Ced-3 protein. 1) In vitro
translated p56 Ced-3 was rapidly degraded in our assay sys-
tem, while other proteins were not, suggesting autocatalytic
activity of Ced-3. 2) Replacement of the putative active site
cysteine with serine (C364S mutant) completely abolished
Ced-3 autocatalysis. 3) WT p56 Ced-3 and products of its au-
tocatalysis cleaved the C364S mutant protein, generating pro-
teolytic fragments of the same size as the WT p56 autocatalysis
fragments. 4) Autoprocessed Ced-3 also cleaved certain of the
ICE-sites in human and mouse proIL-1b, although it was far
less effective than ICE with these substrates. 5) WT p56 Ced-3
and the products of its autocatalysis cleaved human PARP as
well. Collectively, these observations clearly demonstrate that
both the p56 and autoprocessed forms of Ced-3 are proteases.
We found an unusual inhibition profile of Ced-3 autocataly-

sis using various classes of protease inhibitors, similar to the
profile previously demonstrated for ICE (17, 18). All active site
protease inhibitors reported to inhibit ICE activity (18) also
inhibited Ced-3 autocatalysis, while E-64, an inhibitor of many
cysteine proteases, did not inhibit ICE activity (18) or Ced-3
autocatalysis. The three-dimensional structure of human ICE
in complex with the ICE inhibitors Ac-YVAD-chloromethyl-
ketone (19) or Ac-YVAD-aldehyde (20) revealed that, in the
crystalline state, ICE is a homodimer ((p20/p10)2) of p20/p10
heterodimers, with each p20/p10 subunit within the ho-
modimer containing an active site. The catalytic cysteine and
histidine residues as well as the residues defining the P1 car-
boxylate binding pocket of ICE are conserved in Ced-3 (19, 20),
suggesting that mechanistically the active sites of ICE and
Ced-3 are similar. The functional observations presented here
support the above notion. However, only 2 out of 6 amino acid
residues of ICE that interact with the P2-P4 residues of the
tetrapeptide inhibitors are conserved in Ced-3 (6, 19, 20), sug-
gesting that there might be differences in substrate binding/
recognition. The data demonstrating a strong correlation be-
tween the efficiency of cleavage of PARP and proIL-1b by Ced-3
and the potency of PARP- and proIL-1b-derived peptides to
inhibit Ced-3 autocatalysis might reflect such differences in
substrate binding/recognition. Interestingly, 5 out of 6 amino
acid residues that interact with P2-P4 residues of the substrate
are conserved in Ced-3 and CPP32 and, like Ced-3, CPP32
cleaves PARP more efficiently than proIL-1b. Moreover, as
with Ced-3, the PARP-derived peptide (Ac-DEVD-CHO) is a
more potent inhibitor of CPP32 than the proIL-1b-derived pep-
tide (Ac-YVAD-CHO) (12).
We found that p56 Ced-3 and autoprocessed Ced-3 showed

differences in substrate specificity, as had previously been
demonstrated for p45 ICE and p20/p10 ICE (18, 32, 33). The
p56 form of Ced-3 cleaved the C364S mutant protein but did
not cleave human or murine proIL-1b, while autoprocessed
Ced-3 cleaved all three substrates. Similarly, the p45 ICE
precursor cleaved the active site cysteine p45 ICE mutant (32)
but did not cleave pro-IL-1b (33), while the active p20/p10 form
of ICE derived from autocatalysis of the p45 ICE precursor
cleaved both substrates (32, 33). These differences in the enzy-
matic activities of the precursor and the active forms of en-
zymes might reflect differences in substrate specificities and/or
specific activities of the different forms of the enzymes.
Although Ced-3 autoprocessed to lower molecular weight

molecules retains proteolytic activity, we do not know which of
the lower molecular weight fragment(s) constitutes the active
Ced-3 component(s). It is possible that the processed form of
Ced-3, like ICE, might function as a hetero/homodimer. The
differences in the catalytic activities of p56 Ced-3 and autoproc-
essed Ced-3 could result from conformational changes in and
around the active site that might accompany processing, as
occurs in processing and activation of ICE. A 1000-fold excess of
Ac-YVAD-chloromethylketone is required to inhibit the activity
of p45 precursor ICE as compared with p20/p10 ICE (32).
Furthermore, in an affinity labeling study using biotinylated
tetrapeptide inhibitor, p45 precursor ICE was labeled with an
EC50 of 5 mM, and p20/p10 ICE was labeled with an EC50 of 1 nM
(34). These observations demonstrate that the affinity of ICE
for the inhibitor increased as ICE proceeded from the p45
precursor form to the p20/p10 active form, suggesting that
active site conformational changes occurred during processing.
Analogous conformation differences in the active sites of p56
Ced-3 and autoprocessed Ced-3 might explain the differences
in substrate specificity or differences in specific activities be-
tween these forms of the enzyme.
Although members of the Ced-3/ICE family of proteases have

been implicated in the process of apoptosis (6–8), our recent
studies with ICE-deficient mice demonstrated that ICE per se
is not a critical protease in several apoptosis pathways (35). We
found no evidence of an apoptosis defect in ICE-deficient mice
during embryogenesis, development of the immune system, in
vitro spontaneous apoptosis of thymocytes, dexamethasone and
g irradiation-induced apoptosis of thymocytes, or lipopolysac-
charide/ATP-induced apoptosis in peritoneal macrophages (35).
However, ICE may play a role in the apoptosis pathway trig-
gered via the Fas receptor (36). Apoptosis induced via the Fas
receptor was blocked by the serpin, crmA (37), an inhibitor of
ICE and possibly of ICE family members (6, 11). Collectively,
these studies suggest that ICE per se is not critically involved
in many apoptosis pathways. However, ICE may function re-
dundantly with other ICE family members, certain of which
may play a role in specific apoptosis pathways.
The involvement of Ced-3/ICE family of proteases in the

process of apoptotic cell death, raises the possibility that some
of the known inhibitors of apoptosis might interfere with the
functioning of these proteases. Of the three agents we tested,
only ATA inhibited Ced-3 autocatalysis, but ATA did not in-
hibit ICE activity, suggesting that one of the mechanisms by
which ATA inhibits apoptosis might be its ability to inhibit a
Ced-3/ICE family member involved in an apoptosis pathway,
such as PrICE, Nedd2/Ich-1, Ich-2, CPP32, ICErel III, Mch2, or
some as yet unidentified member. Studies are underway to
determine if ATA inhibits any of the other known ICE family
member (s).
Since ICE is absolutely required for the generation of ma-

ture, biologically active IL-1b (35, 36), it may be possible to
design selective inhibitors of ICE to block mature IL-1b pro-
duction in order to treat inflammatory diseases without influ-
encing the apoptotic pathway(s). Conversely, specific inhibitors
of ICE family member(s) involved in apoptosis could be devel-
oped for the treatment of apoptosis-dependent diseases, such as
neurodegenerative disorders and AIDS (38).
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Addendum—Since the submission of this manuscript, a manuscript
by Xue and Horvitz has appeared showing protease activity of Ced-3
(Ref. 27).3 K. Brady, L. Quintal, and T. Ghayur, unpublished observations.
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