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The Caenorhabditis elegans cell-death gene ced-3 encodes a protein similar to mammalian 
interleukin-l[3-converting enzyme (ICE), a cysteine protease implicated in mammalian apoptosis. We show 
that the full-length CED-3 protein undergoes proteolytic activation to generate a CED-3 cysteine protease and 
that CED-3 protease activity is required for killing cells by programmed cell death in C. elegans. We 
developed an easy and general method for the purification of CED-3/ICE-Iike proteases and used this method 
to facilitate a comparison of the substrate specificities of four different purified cysteine proteases. We found 
that in its substrate preferences CED-3 was more similar to the mammalian CPP32 protease than to 
mammalian ICE or NEDD2/ICH-1 protease. Our results suggest that different mammalian CED-3/ICE-Iike 
proteases may have distinct roles in mammalian apoptosis and that CPP32 is a candidate for being a 
mammalian functional equivalent of CED-3. 
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Programmed cell death is a fundamental  cellular process 
in the development and homeostasis  of both vertebrates 
and invertebrates (Ellis et al. 1991; Steller 1995). The 
misregulation of cell death can lead to human  disease 
(for review, see Thompson 1995), and the mechanisms  
that init iate and execute the cell death program have 
been the focus of intense studies (for review, see Horvitz 
et al. 1994; Oltvai and Korsmeyer 1994; Martin and 
Green 1995). 

Genetic analysis of the nematode Caenorhabditis el- 
egans has identified two genes, ced-3 and ced-4, required 
for programmed cell death in this organism (Ellis and 
Horvitz 1986). In ced-3 and ced-4 mutant  animals,  cells 
that normal ly  undergo programmed cell death instead 
survive, ced-4 encodes a protein with a novel sequence 
(Yuan and Horvitz 1992). ced-3 encodes a protein similar  
to m a m m a l i a n  interleukin-lf3 (IL-113)-converting en- 
zyme (ICE) (Yuan et al. 1993). ICE is a highly specific 
cysteine protease that cleaves the 31-kD IL-1 [3 precursor 
at two aspartic acid residues to produce the 17.5-kD ma- 
ture cytokine (Cerretti et al. 1992; Thornberry et al. 
1992). Active ICE comprises a heterodimer of a 10-kD 
(pl0) and a 20-kD (p20) subunit,  both of which derive by 
proteolysis from a 45-kD ICE proenzyme (Thornberry et 
al. 1992). Studies of the crystal structure of ICE suggest 
that it may exist as a (p10/p20)2 tetramer (Walker et al. 
1994; Wilson et al. 1994). The sequence similar i ty be- 

tween ICE and CED-3 suggested that CED-3 may act as 
a protease to cause programmed cell death in C. elegans 
(Yuan ct al. 19931. 

Recently, six additional m a m m a l i a n  proteins 
{NEDD2/ICH-1, CPP32/Yama/apopam, TX/ICH-2/ICErdlI, 
ICEr,lIII , MCH-2, and MCH-3) have been identified wi th  
sequence similari t ies to both CED-3 and ICE (Fernandes- 
Alnemri  et al. 1994, 1995a,b; Kumar et al. 1994; Wang et 
al. 1994; Faucheu et al. 1995; Kamens et al. 1995; Mun- 
day et al. 1995; Nicholson et al. 1995; Tewari et al. 
19951. Overexpression of any of these proteins in mam- 
malian cells can initiate apoptotic cell death, suggesting 
that these proteins have functional  s imilari t ies  to CED- 
3. Furthermore, the baculovirus p35 protein, which in- 
hibits the activities of the CED-3/ICE family of pro- 
teases (Bump et al. 1995; Xue and Horvitz 1995), blocks 
programmed cell death in diverse species (Clem et al. 
1991; Kamita et al. 1993; Rabizadeh et al. 1993; Hay et 
al. 1994; Sugimoto et al. 1994). These observations sug- 
gest that members  of the CED-3/ICE cysteine protease 
family may be involved in kil l ing cells by programmed 
cell death in many different species. 

Because different CED-3/ICE-like m a m m a l i a n  cys- 
teine proteases are coexpressed in many  tissues and cell 
types (Fernandes-Alnemri et al. 1994, 1995a,b; Kumar et 
al. 1994; Wang et al. 1994; Faucheu et al. 1995; Munday  
et al. 1995; Nicholson et al. 1995; Tewari et al. 1995), 
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these proteases may overlap in their functions and/or 
regulate each other's activities. The observation that 
ICE-deficient mice are grossly normal and show defects 
only in Fas-mediated thymocyte apoptosis (Li et al. 1995; 
Kuida et al. 1995) suggests either that there are redun- 
dant cell-death pathways in mammals or that ICE plays 
little or no role in apoptosis in vivo. Two recent reports 
suggest that the human CPP32/Yama/apopain protein 
(which we will refer to as CPP32) is directly involved in 
mammalian apoptosis (Nicholson et al. 1995; Tewari et 
al. 1995). In these studies CPP32 was shown to be a cys- 
teine protease that can cleave the 113-kD poly(ADP-ri- 
bose) polymerase (PARP) to generate an 89-kD fragment 
(Nicholson et al. 1995; Tewari et al. 1995). Such cleavage 
of PARP occurs concomitantly with the onset of apop- 
tosis (Kaufmann et al. 1993; Lazebnik et al. 1994). In 
addition, a potent peptide aldehyde inhibitor of the 
CPP32 protease (Acetyl-Asp-Glu-Val-Asp-CHO) pre- 
vented in vitro-reconstituted apoptotic events, whereas a 
potent peptide aldehyde inhibitor of the ICE protease 
(acetyl-Tyr-Val-Ala-Asp-CHO) failed to do so (Nicholson 
et al. 1995). These observations suggest but do not estab- 
lish that CPP32 functions directly in mammalian apop- 
tosis. 

To assess the roles of mammalian CED-3/ICE-Iike 
proteases in apoptosis as well as the possible regulatory 
interactions among these proteases, we initiated a bio- 
chemical characterization of the CED-3, ICE, NEDD2/ 
ICH-1 (which we will refer to as ICH-1, because we stud- 
ied the human clone), and CPP32 proteins and compared 
the biochemical properties of the CED-3 protease with 
those of the ICE, ICH-1, and CPP32 proteases. 

R e s u l t s  

CED-3 is a cysteine protease 

To determine whether the full-length CED-3 protein is 
proteolytically activated in a manner similar to ICE (Mo- 
lineaux et al. 1993), we tagged the CED-3 protein with 
the FLAG octapeptide (DYKDDDDK, single-amino acid 
code; Hopp et al. 1988) at its carboxyl terminus and ex- 
pressed this tagged protein under the control of the T7 
promoter in Escherichia coll. Western blot analysis of 
bacterial lysates using the M2 monoclonal antibody to 
recognize the FLAG peptide detected three protein prod- 
ucts of 32, 15, and 13 kD (Fig. 1A), all of which are 
smaller than the full-length 56-kD CED-3-FLAG protein 
(Fig. 1A; Yuan et al. 1993). All three proteins were CED- 
3-FLAG-specific, as they were not seen in lysates of bac- 
teria carrying only the expression vector pET-3a. All 
three proteins were also absent in lysates of bacteria ex- 
pressing a mutated CED-3-FLAG protein in which the 
presumptive active-site cysteine was replaced by a serine 
(C358S; Yuan et al. 1993); instead, a 56-kD protein was 
detected. These results suggest that the 56-kD full- 
length CED-3-FLAG protein underwent a CED-3-depen- 
dent proteolysis in E. coli to generate three overlapping 
carboxy-terminal cleavage products of 32, 15, and 13 kD. 

To determine whether the CED-3-FLAG protein pro- 
duced and processed in E. coli could act as a protease in 

vitro, we incubated ['~SS]methionine-labeled full-length 
CED-3 protein synthesized in vitro using rabbit reticu- 
locyte lysates with bacterial lysates expressing the CED- 
3-FLAG protein. Multiple cleavage products were gen- 
erated (Fig. 1B). In contrast, lysates from bacteria that 
had expressed mutant CED-3(C358S)-FLAG protein had 
no such activity. Like the cysteine protease activities of 
ICE and CPP32, CED-3 protease activity was inhibited 
by the cysteine-alkylating reagent iodoacetic acid but 
not by the cysteine protease inhibitor N-[N-(L-3-trans- 
carboxirane-2-carbonyl)-leucyl]-agmatine (E-64) or by the 
serine and cysteine protease inhibitor L-1-chloro-3-[4-to o 
sylamido]-7-amino-2-heptanone (TLCK)(Fig. 1B; Thorn- 
berry et al. 1992; Nicholson et al. 1995). Other protease 
inhibitors, L- 1-chloro-3-[4-tosylamido]-4-phenyl-2-bu- 
tanone (TPCK), phenylmethylsulfonyl fluoride (PMSF), 
leupeptin, aprotinin, and pepstatin (Thornberry et al. 
1992; Nicholson et al. 1995), also failed to inhibit CED-3 
protease activity (data not shown). 

These observations strongly suggest that CED-3 is a 
cysteine protease similar to ICE. 

In vivo cell-killing activities of mutan t  CED-3 
proteins correlate with their in vitro protease activities 

Our finding that the CED-3(C358S) mutant protein lacks 
protease activity combined with our finding that this 
mutant protein fails to cause programmed cell death in 
vivo (S. Shaham and H.R. Horvitz, in prep.) supports the 
hypothesis that CED-3 protease activity is essential for 
the ability of CED-3 to cause programmed cell death. To 
explore this hypothesis further, we determined both the 
extents of the proteolytic processing in bacteria and the 
in vitro protease activities of the CED-3 proteins derived 
from three additional mutant ced-3 alleles: n2427- 
{G474R), n l129(A449V), and n2433(G360S)(Yuan et al. 
1993). We found that animals homozygous for these 
ced-3 alleles have reduced, very low, and possibly no 
ced-3 activity in vivo, respectively, as assayed (Hengart- 
net et al. 1992) by counting the number of extra or "un- 
dead" cells in the anterior pharynx of mutant animals 
(with an average of 1.2, 8.7, and 12.4 extra cells, respec- 
tively}. We expressed these three mutant CED-3 proteins 
as well as the wild-type CED-3 and CED-3(C358S) pro- 
teins in E. coli. These three mutant CED-3 proteins 
appeared to be differentially defective in proteolytic 
processing in E. coli and in protease activity in vitro: 
CED-3(G474R) was almost completely processed, CED- 
31A449V) was partially processed, and CED-3(G360S) 
was not processed (Fig. 2A, C). Similarly, these three mu- 
tant CED-3 proteins showed protease activities close to 
wild-type (G474R), weak (A449V), and nondetectable 
(G360S), respectively (Fig. 2B). Thus, in both assays, the 
in vivo cell-killing activities of mutant CED-3 proteins 
correlated with their in vitro protease activities. These 
results suggest that CED-3 protease activity is crucial for 
its role in programmed cell death in C. elegans. 

Purification of active CED-3/ICE cysteine proteases 

We developed an easy and general method for purifying 
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Figure 1. CED-3 is processed in E. coli to generate a cysteine protease. {A) Western blot analysis of the cleavage of CED-3 in E. coli. 
Bacteria containing either expression vector pET-3a alone IVector, lane 1 I, pET-3a-CED-3-FLAG Ilane 21, or pET-3a-CED-3(C358S}- 
FLAG Ilane 3) were lysed by sonication, and 1 }xg of proteins from the lysates were resolved by electrophoresis on a 15% SDS- 
polyacrylamide gel, transferred to a nitrocellulose membrane, and detected with mouse M2 monoclonal antibody (Eastman Kodak}, 
which recognizes the FLAG epitope. The diagram depicts the deduced origins of the detected protein bands as determined by 
microsequencing analysis {see Fig. 3). Solid boxes indicate FLAG tags; shaded boxes indicate the absolutely conserved pentapeptide 
sequence (QACRG1 around the active-site cysteine in members of the ICE/CED-3 cysteine protease family. Vertical arrows indicate 
proteolytic cleavage sites. Protein sizes are indicated. IBI In vitro protease assays with wild-type or mutant CED-3 bacterial lysates and 
with protease inhibitors. One microliter of I~SS]methionine-labeled CED-3 precursor Isee Materials and methods) was incubated for 1 
hr at 30~ with 4 gg of lysates from bacteria transformed with the following expression vectors. (Lane 1} pET-3a (Vector); (lane 2) 
pET-3a-CED-3-FLAG; {lane 3) pET-3a-CED-3(C358SI-FLAG; {lanes 4-61 pET-3a-CED-3-FLAG in the presence of iodoacetic acid (5 
mM, lane 4), E-64 (0.2 mM, lane 5}, and TLCK 10.2 mM, lane 61. The diagram depicts the deduced origins of the cleavage products (see 
Fig. 3). Vertical arrows indicate cleavage sites. The shaded box indicates the QACRG pentapeptide. Protein sizes are indicated. The 
CED-3 precursor synthesized in rabbit reticulocyte lysates was not processed as it is in E. coli or as reported by Hugunin et al. (1996), 
possibly because the level of CED-3 expression was not sufficient to initiate proteolytic processing. 

CED-3/ICE family cysteine proteases from bacteria us- 
ing epitope tagging. Because active ICE is likely to exist 
as a tightly associated te t ramer complex (Walker et al. 
1994; Wilson et al. 1994), we reasoned that epitope-tag- 
ging one subunit  of a CED-3/ICE-like protease would 
allow us to purify the entire protease complex with an 
antibody or affinity resin that binds the epitope tag. We 
tagged full-length CED-3, human  ICH-1 (hlCH-1), hu- 
man CPP32, and a truncated version of murine ICE 
(mICE) (amino acids 118--402; Molineaux et al. 1993} at 
their carboxyl termini  with either a FLAG epitope, a 
6-histidine peptide, or both (see Materials and methods) 
and expressed these tagged proteins in E. coli using the 
pET-3a protein expression vector (Studier et al. 1990}. 

When expressed in E. coli, each of the three mamma-  
lian proteins underwent  proteolytic processing similar to 
that of CED-3 to generate a cysteine protease (data not 
shown). We purified all four protease activities to appar- 
ent homogenei ty using a combination of ion-exchange 
and affinity chromatography (Fig. 3A; see Materials and 
methods). We subjected the purified proteases to electro- 

phoresis using 15% polyacrylamide-SDS gels and deter- 
mined the amino-terminal  sequences of the major poly- 
peptides present in each protease preparation by mi- 
crosequencing analysis. 

As shown in Figure 3, the 19.5- and 10-kD polypep- 
tides present in the purified mICE protease preparation 
were products resulting from cleavage of the truncated 
ICE protein at Asp-122 and Asp-314. These polypeptides 
correspond to the p20 and p l0  subunits of hlCE de- 
scribed by Thornberry et al. (1992). The p20 subunit  of 
hICE has four additional amino acids at its amino termi- 
nus as a consequence of cleavage at Asp-119 (amino acid 
123 in hICE, which is equivalent to amino acid 122 in 
mICE, is not an Asp residue; Thronberry et al. 1992). The 
20-kD mICE polypeptide had six additional amino acids 
(MQNKED) that extended from the amino terminus of 
the 19.5-kD polypeptide, a result of the failure of cleav- 
age at Asp-122 and the inclusion of the Met residue used 
to initiate translation in E. coli (Fig. 3; Molineaux et al. 
1993}. Our purified active mICE had similar subunit  
composition 120- and 10-kD polypeptides) and compara- 
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F igure  2. The in vivo cell-killing activi- 
ties of CED-3 mutant proteins correlate 
with their in vitro protease activities. (A) 
Cleavage of wild-type and mutant CED-3 
proteins in E. coli. Bacterial lysates con- 
taining the expression vectors indicated be- 
low were used for Western blot analysis as 
described in Fig. 1A. The amount of total 
protein used from each lysate is indicated 
as follows: (Lane I) pET-3a (1 ~g); (lane 2) 
pET-3a-CED-3-FLAG (1 ~g); (lane 3) pET- 
3a-CED-3(G474R}-FLAG (1 ~g); (lane 4) 
pET-3a-CED-3(A449V)-FLAG (1 ~g); (lane 
5) pET-3a-CED-3(G360S)-FLAG (0.1 p.g); 
(lane 6) pET-3a-CED-3(C358S)-FLAG (0.2 
~g). Because CED-3(G360S)-FLAG and 
CED-3(C358S)-FLAG lysates had much 
higher total CED-3 protein levels than the 
other lysates, less total protein was used for 
the experiments shown in lanes 5 and 6. (B) 
In vitro protease assays with CED-3 wild- 
type or mutant bacterial lysates. One mi- 
croliter of [3SSlmethionine-labeled CED-3 
precursor protein was incubated with iden- 
tical amounts of CED-3 wild-type or mu- 
tant bacterial lysates used in A at 30~ for 
20 rain. Two additional sets of experiments 
with independently prepared lysates 
yielded similar results. (C) in vitro and in 
vivo activities of wild-type and mutant 
CED-3 proteins. Activities were scored as 
strong (+ + +), intermediate ( + +, +, or 
+ / - )  or nondetectable { - ). CED-3(C358S) 
in vivo cell-killing activity was assessed on 
the basis of its ability to cause cell death in mechanosensory neurons in which it was expressed ectopically {S. Shaham and H.R. 
Horvitz, in prep.}. Numbers in the two bottom rows indicate the average number of extra cells in the anterior pharynx of mutant 
animals and the number of animals scored, respectively. The number of extra cells reflects the in vivo cell-killing activity of a CED-3 
protein. (N.A.)Not applicable. 

ble protease activity (see below) to those of active mICE 
purified by Molineaux et al. (1993) using a similar trun- 
cated version of the ICE precursor but a different purifi- 
cation scheme (ligand affinity chromatography). How- 
ever, we did not observe the 11-kD polypeptide, an al- 
ternatively processed version of the 10-kD polypeptide 
resulting from cleavage at Asp-308, and Molineaux et al. 
(1993) did not observe the 19.5-kD polypeptide. Varia- 
tions in either the preparation of bacterial lysates or in 
the purification protocols may  be responsible for these 
differences in the purified proteases. The purified CPP32 
protease preparation contained 17- and 12-kD polypep- 
tides that resulted from cleavage of full-length CPP32 
protein at Asp-28 and Asp-175. This purified human  
CPP32 protease had identical subunit  composition and 
comparable protease activity (see below) to those of ac- 
tive CPP32 protease purified from a human  cell line us- 
ing ligand affinity chromatography (Nicholson et al. 
1995). These results concerning ICE and CPP32 indicate 
that our epitope-tag-mediated purification scheme, 
which circumvents  the need for designing protease-spe- 
cific ligands for affinity purification, is an effective 
method for purifying CED-3/ICE-like proteases. 

Our purified CED-3 protease preparation contained 

polypeptides of 17, 15, and 13 kD, which resulted from 
cleavage of the full-length CED-3 protein at Asp-220, 
Asp-374, and Asp-388 {Fig. 3B). Purified human  ICH-1 
protease preparation contained polypeptides of 18, 13, 
and 12 kD, which resulted from cleavage of full-length 
ICH-1 protein at Asp-152, Asp-316, and Asp-330 (Fig. 
3B1. These data suggest that active CED-3 and ICH-1 
proteases, like the ICE and CPP32 proteases, are likely to 
consist of heterodimeric complexes: CED-3 (p13/p17 or 
plS/p17} and ICH-1 {p12/p18 or p13/p18). Precursors of 
all of these proteases were processed exclusively after 
Asp residues and, in most cases, before a small amino 
acid such as Gly, Ala, or Set (Fig. 3C). These results con- 
firmed that CED-3 and ICH-1 proteases, like ICE and 
CPP32 proteases, are aspartate-specific cysteine pro- 
teases (Howard et al. 1991; Thornberry et al. 1992; 
Nicholson et al. 1995}. 

CED-3/ICE-like cysteine proteases have 
different substrate specificities 

We compared the substrate specificities of the four pu- 
rified proteases discussed above and of the ICE-like pro- 
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Figure 3. Subunit compositions ot purified CED- 
3, miCE, hICH-1, and hCPP32 proteases and their 
precursor cleavage sites. (A) Silver-stained gels of 
purified CED-3, mICE, hlCH-1, and hCPP32 pro- 
tease preparations tsee Materials and methods). 
About 60 ng of each purified CED-3, mICE, and 
hlCH-1 proteases or 300 ng of purified hCPP32 
protease was resolved on 15% SDS-Polyacryl- 
amide gels and stained with NH4NO~/AgNO,~ so- 
lution (Gottlieb and Chavko 19871. (M.W.S.) Pro- 
tein molecular weight standards (silver stain SDS- 
PAGE standards, low range; Bio-Rad). The size of 
each polypeptide is indicated. (B1 Diagram of the 
protease subunits and their relationships to the 
protease precursors. The size and the position of 
each protease subunit is depicted underneath the 
protease precursor. (D) Aspartate residue. Vertical 
lines underneath indicate proteclytic cleavage 
sites identified by microsequencir, g analysis and 
are numbered according to their positions in the 
protease precursors. The position of each con- 
served pentapeptide (QACRG) is numbered and 
indicated by a solid box. There is a methionine 
residue immediately preceding amino acid 118 of 
the truncated mICE precursor, which serves as 
the translation initiation codon fo:: mICE expres- 
sion in E. coll. (C) Identified cleawlge sites in the 
protease precursors. The arrow at the bot tom in- 
dicates the proteolytic cleavage sites. The Asp res- 
idues at the cleavage sites are underlined and 
numbered according to their positions in the pro- 
tease precursors. The amino acid sequences 
around the Asp residues are shown. 

tease ac t iv i ty  (priCE) present  in concen t ra ted  extracts  
from ch icken  DU249  cells, w h i c h  become c o m m i t t e d  to 
apoptosis  as a resul t  of a b lock dur ing S phase induced by 
aphidocol in  (Lazebnik et al. 1994). We used as potent ia l  
subst ra tes  the four fu l l - length  protease precursors, the 

IL-I~3 precursor protein  (cleaved by ICE; Cerre t t i  et al. 
1992; Thornber ry  et al. 1992), baculovi rus  p35 pro te in  
(cleaved by CED-3/ ICE-l ike  cys te ine  proteases;  Bump et 
al. 1995; Xue and Horvi tz  1995), cowpox virus c rmA pro- 
tein (an ICE inh ib i tor  and substrate;  Ray et al. 1992; 
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K o m i y a m a  et al. 1994), and PARP (cleaved by priCE and 
CPP32; Kau fmann  et al. 1993; Lazebnik et al. 1994; 
Nicho l son  et al. 1995; Tewar i  et al. 1995). 

We synthes ized  and labeled these protein substrates in 
vitro wi th  [3SS]methionine using rabbit  re t iculocyte  ly- 
sates, incubated  the labeled substrates  wi th  the five pro- 
tease activit ies,  and assessed the eff iciency of substrate 
cleavage (Fig. 4; Table  1). Our  analys is  suggested that  the 
five protease act ivi t ies  could be categorized into three 
groups based on their  substrate specificit ies.  The first 
group inc ludes  CED-3, CPP32, and priCE: All cleaved a 
c o m m o n  set of substrates  eff ic ient ly  to generate s imi la r  

number s  and sizes of cleavage products (CED-3 and 
CPP32 precursors, baculovirus  p35 protein, and PARP; 
Fig. 4 and Table  1; Xue and Horvi tz  1995); and all failed 
to cleave or cleaved very poorly another  set of substrates  
(ICE precursor, the A s p - l l 6  cleavage site of the IL-1[3 
precursor protein, and crmA; Fig. 4B, E,F; Table  1). The  
second group consists  only of the ICE protease. ICE ap- 
peared to cleave every substrate we tested, a l though 
cleavage was inefficient ,  w i th  the except ion of c rmA 
(Fig. 4; Table 1). The third group consists  of the ICH-1 
protease. The ICH-1 protease appeared to cleave only the 
ICH-1 precursor and the p35 protein under  the condi- 

Figure 4. Substrate specificities of the purified cysteine proteases. Each [~~S]methionine-labeled substrate (') was incubated with 40 
ng of a given purified protease or 1 ~1 of chicken S/M extract {priCE) at 30~ Incubation times are indicated as follows: (Lanes I) 1 
~1 of CED-3 buffer; (lanes 2) 1 Bzl of CED-3 protease; {lanes 3) 1 ~1 of mouse ICE protease; {lanes 4} 1 ~xl of human ICH-1 protease; (lanes 
5) 1 ~1 of human CPP32 protease; (lanes 6) 1 ~1 of chicken S/M extract {priCE}. (A} [3SS]Methionine-labeled full-length CED-3 protein 
(1 hr). The cleavage products were identified as described for Fig. lB. (B) [3sS]Methionine-labeled murine ICE(118-402) precursor 
protein (2 hr). The 20- and 10-kD bands may correspond to two mICE protease subunits {see Fig. 3). The band indicated by an open 
arrowhead may be an alternatively processed product. {C)[3sS]Methioninedabeled full-length human ICH-1 protein (1 hr). The 18-, 13-, 
and 12-kD bands may correspond to the three identified hICH-I protease subunits {see Fig. 3). The 35-kD band may be the amino- 
terminal cleavage product resulting from cleavage at Asp-316. (D} [3~S]Methionine-labeled full-length human CPP32 protein (1 hr). The 
17- and 12-kD bands may correspond to two CPP32 protease subunits {see Fig. 3 ). The 20-kD band may be the amino-terminal cleavage 
product resulting from cleavage at Asp-175. The 31- and 30-kD bands may be the carboxy-terminal cleavage products resulting from 
cleavage at Asp-9 and Asp-28, respectively. The band indicated by an open arrowhead may be an alternatively processed product. (E) 
[3SS]Methionine-labeled murine IL-I[3 precursor {2 hr). The 28-kD band may be the carboxy-terminal cleavage product resulting from 
cleavage at Asp-27. The 17.5-kD band may be the mature IL-I[3, a carboxy-terminal cleavage product resulting from cleavage at 
Asp-ll6. (F)[3SS]Methionine-labeled cowpox virus crmA protein {1 hr). The 33-kD band is the amino-terminal cleavage product 
resulting from cleavage at Asp-304. The 5-kD carboxy-terminal cleavage fragment was not seen here because it lacks methionine 
residues. (G) [3sS]Methionine-labeled human PARP protein (1 hr). The 89- and 24-kD bands are the carboxy- and amino-terminal 
cleavage products resulting from cleavage at Asp-214, respectively. 
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Table 1. Substrate specificities of the CED-3/ICE family proteases 

Substrat& 

hIL-lf~ 

Substrate specificities of CED-3/ICE-Iike proteases 

Protease CED-3 mICE hICH- 1 hCPP32 Asp-27 Asp- 116 p35 b crmA PARP 

CED-3 + + +  + / -  + + +  ++  + + +  - + + +  - +++ ] 
hCPP32 + + + - + + + + + + - + + + - + + + ] I 

priCE + + - + + + + + / -  - + + + + / -  +++ 

mICE + + + / -  + + +  + +  + +  + + +  + I I I  

h l C H - l C  - - + + - - - + - - I I I I  

aprotease activity was scored as strong {+ + +, >95% labeled substrate cleaved), intermediate (+ +, 60%-95% labeled substrate 
cleaved), weak ( +, 20%-60% labeled substrate cleavedl, poor ( + / - ,  10%-20% labeled substrate cleaved), and undetectable ( - ,  <10% 
labeled substrate cleaved). The extent of the cleavage of the labeled substrate was measured by PhosphorImaging analysis. The data 
presented for each substrate were compiled from at least two sets of independent experiments. For hIL-l[3, p35, crmA, and PARP, 
efficiency of cleavage at specific cleavage sites could be scored. 
bResults are from Xue and Horvitz (1995). 
CSubstrates labeled - were not cleaved by an eightfold higher level of the hlCH-1 protease. 

tions we tested (Fig. 4C; Table 1; Xue and Horvitz 1995). 
These differences in substrate preferences suggest that 
these cysteine proteases may act on different targets in 
vivo. 

D i s c u s s i o n  

Our demonstrat ion that the CED-3 protein is a cysteine 
protease and that CED-3 cysteine protease activity ap- 
pears to be required for CED-3 to cause programmed cell 
death in C. elegans strongly suggests that CED-3 func- 
tions in vivo as a cysteine protease, presumably by pro- 
teolytically activating a death-inducing protein or pro- 
teins and/or  by proteolytically inactivating a death-pre- 
venting protein or proteins. Our in vitro assay for CED-3 
function should provide an important  approach for the 
analysis of the biochemical  basis of programmed cell 
death, as effects of the protein components defined by 
the C. elegans genetic pathway for programmed cell 
death (for review, see Horvitz et al. 1994) can now be 
examined biochemically.  For example, we can test 
whether genes that act genetically upstream of or paral- 
lel to ced-3 (such as ced-9 and ced-4; Hengartner et al. 
1992; Shaham and Horvitz 1996) encode proteins that 
modulate CED-3 protease activity and whether genes 
that act genetically downstream of ced-3 (such as the ced 
genes involved in the engulfment  of cell corpses; Ellis et 
al. 1991) encode proteins that are substrates for the 
CED-3 protease and that hence may be regulated by 
CED-3. Because the cell-death pathway is conserved be- 
tween nematodes and m a m m a l s  (for review, see Horvitz 
et al. 1994), such studies should provide important  in- 
sights concerning the mechan isms  of programmed cell 
death not only in C. elegans but also in other organisms, 
including humans .  Our recent finding that the baculo- 
virus p35 protein inhibi ts  programmed cell death by in- 
hibit ing the CED-3 cysteine protease is an example of 
how such in vitro studies of CED-3 can reveal mecha- 

nisms that regulate programmed cell death (Xue and 
Horvitz 1995). The finding that CED-3 has similar  sub- 
strate specificities to those of h u m a n  CPP32 protease 
and chicken priCE suggests that the downstream target 
genes of these proteases may well  be conserved. 

Our method for purifying CED-3/ICE-like cysteine 
proteases using an epitope tag should be broadly helpful 
in studies of programmed cell death. This  method, 
which could allow the isolation of any protein present in 
a protein complex with the tagged protease subunit,  
should be generally applicable for the purification of 
other members  of the CED-3/ICE family and thereby for 
the studies of their biochemical  properties and possible 
roles in programmed cell death. This method may  also 
be useful for isolating proteins that associate wi th  the 
protease complex and hence may modulate the activities 
of or act as substrates for such proteases (Bump et al. 
1995). 

Mutations in the ced-3 gene seem to prevent all pro- 
grammed cell deaths in C. elegans (Ellis and Horv i~  
1986), and to date no other member  of the CED-3/ICE 
family has been identified in the worm. Thus, the CED-3 
protease may mediate all programmed cell deaths that 
occur in this animal.  In contrast, m a m m a l s  contain mul-  
tiple members  of the CED-3/ICE family, each of which  
appears able to initiate apoptosis when overexpressed in 
m a m m a l i a n  cells (for review, see Mart in and Green 
1995). Which of these proteases, if any, is the m a m m a -  
lian functional equivalent of CED-3? We believe that the 
CPP32 protease is an excellent candidate, as CED-3 is  

much more similar  to CPP32 in its substrate preferences 
than it is to ICE or ICH-1. For example, CPP32, CED-3, 
and priCE but not ICE and ICH-1 (Figure 4G) cleave 
PARP efficiently (Table 1; Nicholson et al. 1995; Tewari 
et al. 1995), and PARP cleavage is an early event that 
occurs concomitant ly wi th  the onset of apoptosis 
(Kaufmann et al. 1993; Lazebnik et al. 1994). In addition, 
CED-3 is 34% identical to CPP32 but only 28% identical  
to either ICE or ICH-1 in amino acid sequence 
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(Fernandes-Alnemri et al. 1994; Kumar et al. 1994; Wang 
et al. 1994; Tewari  et al. 1994; Nicholson et al. 1995). In 
particular, of the CED-3/ICE family cysteine proteases 
identified to date, only CED-3 and CPP32 are identical at 
the positions most  critical in determining substrate 
specificity (amino acids equivalent to residues 342, 343, 
and 348 in hICE; Walker  et al. 1994; Wilson et al. 1994; 
Nicholson et al. 1995). Furthermore, studies using pep- 
tide inhibitors and purified CPP32 and ICE proteases 
suggest that  apoptotic events that occur in an in vitro- 
reconsti tuted system involve a protease more like 
CPP32 than like ICE (Nicholson et al. 1995). These ob- 
servations support the notion that CPP32 is a functional 
equivalent of CED-3 and, hence, is a protease involved 
directly in the execution of programmed cell death in 
mammals .  However, CPP32 may not be the only CED- 
3/ICE-like protease involved in programmed cell death 
in mammals .  For example, the newly identified MCH-2 
and MCH-3 proteins are similar to CPP32 in their pri- 
mary sequences (46% and 53% identities, respectively) 
and, like CPP32, are capable of cleaving PARP (Fernan- 
des-Alnemri et al. 1995a, b). MCH-2 and MCH-3 also 
may be good candidates for acting as cell-death proteases 
in mammals .  

Two possible reasons that mult iple CED-3/ICE-like 
proteases exist in mammal s  are that different cysteine 
proteases may  act to cause the deaths of different cell 
types or that  the deaths of some cell types may involve a 
cascade of such proteases. These possibilities are not 
mutua l ly  exclusive. We have observed that whereas ICE 
could process all four protease precursors we studied, 
albeit inefficiently, other proteases such as CPP32 and 
ICH-1 did not process the ICE precursor protein. These 
findings suggest that CPP32 and ICH-1 probably do not 
directly activate ICE and raise the possibility that each 
might be activated by ICE. Tewari et al. (1995! demon- 
strated that  ICE could activate CPP32 protease activity 
in vitro. We suggest that as a relatively inefficient and 
nonspecific CED-3/ICE family member,  ICE might act 
as an initiator to activate more robust and specific pro- 
teases, such as CPP32, which then might amplify its 
own activities by cleaving other CPP32 precursor pro- 
teins. If ICE acts in this (or any) way to mediate apopto- 
sis, other ICE-like activities must  exist, as mice that lack 
ICE activity are not grossly defective in apoptosis (Kuida 
et al. 1995; Li et al. 1995). 

The differences in substrate preferences among the 
three purified mammal i an  proteases we studied (ICE, 
CPP32, and ICH-1) suggest that these three proteases 
may have different in vivo targets and thus may play 
different roles in mediat ing cell death. We suggest that 
similar biochemical studies of additional CED-3/ICE 
family members,  such as TX/ICH-2/ICErelII, MCH-2, 
MCH-3, and ICEreflII (Faucheu et al. 1995; Fernandes- 
Alnemri  et al. 1995a, b; Kamens et al. 1995; Munday et 
al. 1995), will provide important  information about the 
functions of these proteases in mammal i an  apoptosis. 
Such studies combined with  the analyses of mice in 
which single or mult iple members  of the CED-3/ICE 
protease family have been inactivated by mutat ion 

should help reveal how CED-3/ICE-like proteases act to 
execute programmed cell death in mammals .  

M a t e r i a l s  a n d  m e t h o d s  

We followed standard molecular biology protocols, as described 
by Sambrook et al. {1989). 

Construction of constructs for CED-3 expression in bacteria 

We used the polymerase chain reaction [PCR) to amplify 
the full-length CED-3 coding region with primers 5'-CAGG- 
GATCCATGATGCGTCAA-3' and 5'-GTCGACGGATCCTA- 
CTTGTCATCGTCATCCTT GTAGTCGACGGCAGAGTT- 
TCG-3', using pS126 (Shaham and Horvitz 1996), which con- 
tains a full-length ced-3 cDNA, as a DNA template. The latter 
primer contains a sequence for the FLAG epitope (DYKD- 
DDDK1, which is fused to the carboxy terminus of CED-3. We 
digested the amplified product with BamHl and cloned the re- 
sulting fragment into the pBluescript KSi +1 vector {Stratagene) 
using its BamHI site. We synthesized single-stranded DNA 
from the resulting plasmid, pDX2, and used it to introduce spe- 
cific CED-3 mutations according to the in vitro mutagenesis 
method of Kunkel (19851. We constructed pET-3a-CED-3- 
FLAG and its mutant derivatives by cloning the SpeI and Sinai 
fragment from pDX2 and its mutant derivatives into the pET-3a 
vector (Invitrogen) digested previously with NheI and EcoRV. 

Preparation of bacterial lysates expressing vv~ld-type 
or mutant CED-3 proteins 

The preparation of bacterial lysates expressing CED-3 proteins 
was essentially as described by Xue et al. (1993). Briefly, we 
diluted an overnight culture of E. coli BL21(DE3) carrying either 
pET-3a or CED-3 expression constructs 1:10 in 50 ml of fresh LB 
broth supplemented with 75 ,.g/ml of ampicillin. We grew the 
cells at 37~ to an Ac.o~ of 0.6 and induced the expression of 
CED-3 protein by adding isopropyl-[3-D-thiogalactopyranoside 
{IPTG) to a final concentration of 1.0 raM. We allowed the cells 
to grow for an additional 2 hr at room temperature and then 
collected them by centrifugation at 3000g for 5 min. We resus- 
pended the cells in 1/50 volume of CED-3 buffer [50 mM Tris- 
HC1 at pH 8.0, 0.5 mM EDTA, 0.5 mM sucrose, 5% glycerol) 
supplemented with protease inhibitors {1 mM PMSF, 5 ~tg/ml of 
aprotinin, 5 ~tg/ml of pepstatin, and 10 ~tg/ml of leupeptin). We 
lysed the cells by sonication and sedimented the debris by cen- 
trifugation at 14,000g for 10 min. We used the resulting super- 
natant, which we refer to as bacterial lysates, for Western blot 
analyses and for in vitro protease assays. 

Western blot analyses 

We subjected bacterial lysates to electrophoresis using 15% 
SDS-PAGE, transferred the separated proteins to a nitrocellu- 
lose membrane, and probed this membrane with the mouse M2 
monoclonal antibody [Eastman Kodak), which recognizes the 
FLAG epitope, using an ECL {Enhanced Chemiluminescence; 
Thorpe et al. 19841 Western blot kit following the instructions 
of the manufacturer {Amersham). 

In vitro protease assays 

For in vitro protease assays, we labeled CED-3 with [~SS]methio- 
nine using the TNT-coupled reticulocyte lysate system 
(Promegat and pDX2 as a DNA template. We incubated 1 ~1 of 
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the translated reticulocyte lysate with 1 gl of appropriately di- 
luted bacterial lysates and 2 ~.1 of CED-3 buffer or ! gl of CED-3 
buffer and 1 ~1 of a given inhibitor solution. The preparation of 
the inhibitors and the concentrations used were essentially as 
described by Nicholson et al. (1995). We terminated the reac- 
tions by adding an equal volume of SDS gel loading buffer and 
resolved the reactions using 15% SDS-PAGE gels. The gels were 
dried and subjected to autoradiography. 

Construction of expression vectors for CED-3/ICE family 
members 

Construction of pET-3a-CED-3-FLAG-(His)(, was essentially 
as described above for pET-3a-CED-3-FLAG, except that 
the second primer was replaced by primer 5'-CAAGGATC- 
CTAGTGGTG GTG GTGGTGGTGC TTGTCAT CGTCATC- 
CTTGTAGTCGACGGCAGAGTTTCG-3'. We constructed 
pET-3a-mICE(ll8-402)-FLAG by PCR amplification of the 
mICE coding region (amino acids 118-402) using primers 5'- 
GGACATATGAACAAAGAAGATGGCAC-3' and 5'-GAAG- 
GGATCCTACTTGTCATCGTCATC CTTGTAGTCATGT- 
CCCGGGAAGAGG-3', digestion of the amplified product with 
NdeI and BamHI, and cloning of the resulting fragment into the 
pET-3a vector digested previously with NdeI and BamHI. We 
constructed pET-3a-hICH-1-FLAG by PCR amplification of the 
full-length human ICH-1 coding region with primers 5'-GGA- 
CATTAGGCCGCTGACAGGGGA-3' and 5'-GGACAGATC- 
TACTTGTCATCGTCA TCCTTGT AGTCTGTGGGAGGGT- 
GTCCTGG-3', digestion of the amplified products with NdeI 
and BglII, and cloning of the resulting fragment into the pET-3a 
vector digested previously with NdeI and BarnHI. 

Purification of cysteine proteases by epitope tagging 

The preparation of CED-3, ICE, ICH-1, and CPP32 bacterial 
lysates was as described above, except that 1 liter of each bac- 
terial culture was grown. To purify the active CED-3 protease, 
we incubated 10 ml of CED-3-FLAG--(His)6 bacterial lysates 
with 1 ml of Ni-NTA (Ni2+-nitrilo-tri-acetic acid) resin IQia- 
gen) for 2 hr at 4~ We washed the resin with 15 bed volumes 
of CED-3 buffer supplemented with 7.5 mM [3-mecaptoethanol, 
0.4 M NaC1, 25 mM imidazole, and 0.04% NP-40 before eluting 
with four bed volumes of CED-3 buffer supplemented with 120 
mM imidazole. To purify active mICE protease, we loaded 10 ml 
of mICE-FLAG bacterial lysates onto a 6 ml SP-Sepharose 
(Pharmacia) column equilibrated previously with CED-3 buffer 
and eluted the proteins with a 20-ml gradient of 0-0.5 M NaC1 
in CED-3 buffer. We pooled fractions eluted between 0.08 and 
0.15 M NaC1. These fractions contained most of the ICE pro- 
tease activity. We incubated the pooled fractions with 0.2 ml of 
anti-FLAG M2 affinity gel (Eastman Kodak) for 2 hr at 4~ We 
washed the resin with 15 bed volumes of CED-3 buffer supple- 
mented with 0.6 M NaC1 and 0.1% NP-40 before eluting with 
CED-3 buffer supplemented with 200 ~g/ml of FLAG peptides. 
To purify the hICH-1 protease, we loaded 10 ml of hICH-1- 
FLAG bacterial lysates onto an 8-ml Q-Sepharose (Pharmacia) 
column equilibrated previously with CED-3 buffer and eluted 
the proteins with an 80-ml 0.05 M step gradient of NaC1 in 
CED-3 buffer (from 0 M to 0.5 M NaC1). We pooled fractions 
eluted at 0.25, 0.30, and 0.35 M NaC1. These fractions contained 
most of the hICH-1 protease activity. We incubated the pooled 
fractions with 0.2 ml of anti-FLAG M2 affinity gel for 2 hr at 
4~ Elution of hICH o 1-FLAG was done essentially as described 
for mICE-FLAG. The purification of CPP32, which was tagged 
with six histidine amino acids, was performed essentially as 
described for CED-3-FLAG-(His)6. We resolved the purified 

protease preparations using 15% SDS-PAGE and stained the 
gels with the silver stain plus kit (Bio-Rad) following the in- 
structions of the manufacturer. 

Microsequencing 

For microsequencing, we resolved - 8  ~g of the purified CED-3, 
mICE, hICH-1, or hCPP32 protease preparations using 15% 
SDS-PAGE, transferred the separated polypeptides to a polyvi- 
nylidenedifluoride (PVDF) membrane, and stained the mem- 
brane with Coomassie blue. We cut out regions of the mem- 
brane containing polypeptide bands of interest and subjected 
them to six cycles of protein microsequencing {Hunkapiller and 
Hood 1983!. 

Comparison of the substrate specificities of the CED-3/ICE 
cysteine proteases 

We excised from plasmid pL15TK (Kupper et al. 1990) a SacI- 
XbaI fragment that contains a full-length human PARP cDNA 
and cloned this fragment into the SacI-XbaI sites of pBluescript 
KSL+I IStratagene}. We call the resulting plasmid pKS(+)- 
hPARP. We excised from plasmid pHST200 (Gehrke et al. 1990} 
a PstI-BarnHI fragment that contains a full-length human IL-1 [3 
precursor cDNA and cloned this fragment into the PstI-BamHI 
sites of pBluescript KS(+). We call the resulting plasmid 
pKSi + )-hprelL-l~. We used the following DNA templates to 
synthesize ['~SS]methionine-labeled protein substrates using 
TNT lysates as described above: (1) CED-3-pDX2; (2)hICH-1- 
pET-3a-hICH-1-FLAG; 13)mICE (118-402)precursor-pET-3a- 
mICEI118-402}-FLAG; (4) hCPP32-pET-21b--hCPP32-(His)6; 
I5) hIL- 1 [3 precursor-pKSt + )-hpreIL- 1J3; (6J crmA- pDX10 (Xue 
and Horvitz 1995); and (7) PARP-pKS(+)-hPARP. We incu- 
bated 1 ~.1 of the translated reticulocyte lysate with 40 ng of a 
given purified protease and 2 ~1 of CED-3 buffer at 30~ 
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