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Summary

We have cloned the C. elegans cell death gene ced-3.
A ced-3 transcript is most abundant during embryo-
genesis, the stage during which most programmed cell
deaths occur. The predicted CED-3 protein shows sim-
ilarity to human and murine interleukin-1g-converting
enzyme and to the product of the mouse nedd-2 gene,
which is expressed in the embryonic brain. The se-
quences of 12 ced-3 mutations as well as the se-
quences of ced-3 genes from two related nematode
species identify sites of potential functional impor-
tance. We propose that the CED-3 protein acts as a
cysteine protease in the initiation of programmed cell
death in C. elegans and that cysteine proteases also
function in programmed cell death in mammals.

Introduction

Cell death occurs as a normal aspect of animal devel-
opment as well as in tissue homeostasis and aging
(Glucksmann, 1950: Ellis et al., 1991a). Naturally oc-
curring or programmed cell death can act to regulate cell
number, to facilitate morphogenesis, to remove harmful
or otherwise abnormal cells, and to eliminate cells that
have already performed their functions. In many cases,
gene expression within dying cells is thought to be re-
quired for these cells to die, since the cell death process
¢an be blocked by inhibitors of RNA and protein synthesis
(Stanisic et al., 1978; Cohen and Duke, 1984; Martin et
al., 1988).

During the development of the nematode Caenorhab-
ditis elegans, 131 cells undergo programmed cell death
(Sulston and Horvitz, 1977; Sulston et al., 1983). Fourteen
9enes have been identified that function in different steps
of the genetic pathway of programmed cell death in C.
elegans (Hedgecock et al., 1983: Ellis and Horvitz, 1986,
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1991; Ellisetal., 1991b; Hengartner et al., 1992; reviewed
byEllisetal., 1991a). Two of these genes, ced-3and ced-4,
play essential roles in either the initiation or execution of
the cell death program, since recessive mutations in these
genes prevent almost all of the cell deaths that normally
occur during C. elegans development. Genetic mosaic
analysis indicates that ced-3 and ced-4 most likely function
within cells that die or within their close relatives to cause
cell death (Yuan and Horvitz, 1990). The ced-4 gene en-
codes a novel protein that is expressed primarily during
embryogenesis, the period during which most pro-
grammed cell deaths occur (Yuan and Horvitz, 1992).

To understand how the ced-3 gene acts to cause cell
death, we have cloned this gene. As deduced from the
sequence of a ced-3 cDNA clone, the CED-3 protein is
503 amino acids in length and contains a serine-rich mid-
dle region of about 100 amino acids. We compared the
sequences of the CED-3 protein of C. elegans with the
inferred CED-3 protein sequences from the related nema-
tode species C. briggsae and C. vulgaris. This comparison
revealed that the carboxy-terminal portions of these pro-
teins are most conserved. The non-serine-rich portions
of the CED-3 protein are similar to human interleukin-1B
(IL-1B)-converting enzyme (ICE), a cysteine protease that
cancleave the inactive 31 kd precursor of IL-1 Btogenerate
the active cytokine (Cerretti et al., 1992: Thornberry et al.,
1992). In addition, the carboxy-terminal portions of both
the CED-3 and ICE proteins are similar to the mouse
Nedd-2 protein, which is encoded by a messenger RNA
(mRNA) expressed during mouse embryonic brain devel-
opment and is down-regulated in adult brain (Kumar et
al., 1992). We suggest that CED-3 acts as a cysteine prote-
ase in controlling the onset of programmed cell death in C.
elegans and that members of the ced-3/ICE/nedd-2 gene
family might function in programmed cell death in verte-
brates.

Results

ced-3 Is Not Essential for Viability

All previously described ced-3 alleles were isolated in
screens designed to detect viable mutants in which pro-
grammed cell death did not occur (Ellis and Horvitz, 1986).
Such screens might systematically have missed classes
of ced-3 mutations that result in inviability. Since animals
of the genotype ced-3/deficiency are viable (Ellis and Hor-
vitz, 1986), we designed a screen that would allow us to
isolate recessive lethal alleles of ced-3, if such alleles
could exist (see Experimental Procedures). We obtained
four new ced-3 alleles (7163, n1164, n1165, and n1286)
in this way. All four of these mutants are viable as homozy-
gotes. These alleles were isolated at a frequency of about
1in 2500 mutagenized haploid genomes, approximately
the frequency expected for the generation of loss-of-
function mutations in an average C. elegans gene (Bren-
ner, 1974; Meneely and Herman, 1979; Greenwald and
Horvitz, 1980).
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Figure 1. Genetic and Physical Maps of the ced-3 Region of Chromo-
some IV '

(A) Alignment of the genetic and physical maps in the ced—3.reg;(')\ln2,
nP33, nP34, nP35, nP36, and nP37 are RFLPs b.etween the Bristo 2
and Bergerac EM1002 wild-type C. elegans strains. The t'hree.(.:?sml
clones C43C9, WO7H6, and C48D1 were tested for thelr. .abllmes to
rescue the Ced phenotype of ced-3(n717) animals. Th_e abﬂltY of each
cosmid clone to rescue ced-3 mutants and the fract!on. of'lndepen-
dently obtained transgenic lines that were rescued are mdlcateg :m
the right. Symbols: plus, rescue; minus, N0 r'escue. See text for data.
The results indicate that ced-3 is contained in cosmid C4§D1.

(B) A restriction map of subclones of cosmid C48D1. Bold lines repre-
sent cosmid vector sequences. Subclones were assayed for rf-:‘scue
of the Ced phenotype of ced-3(n717) animals as in (A). Symbols: plgs,
rescue; minus, no rescue; minus/plus, weak resc_ue.(fewer than f_we
corpses on average). The numbers in parentheses indicate the frac}ll:)‘n
of independently obtained transgenic lines that were rescued. The
smallest fragment that fully rescued the Ced-3 mutant phenotype was
the 7.5 kb pJ7.5 subclone.

These observations suggest that animals that Iack'ced-a
gene activity are viable. Supporting this hypothesis, we
have shown by molecular analysis that three ced—:? rputa-
tions are nonsense mutations that seem likely to ellmlnate
ced-3 activity (see below). Based upon these consuder.a-
tions, we conclude that ced-3 gene activity is not essential
for viability.

ced-3 Is Contained within a 7.5 kb

Genomic Fragment

To clone the ced-3 gene, we used the approach of Buvkun
et al. (1988). In brief (for further details see Experlmental
Procedures), we identified a 5.1 kb EcoRlI restriction frag-

ment that contained Tc1 (Emmons et al., 1983), that wah
present in the C. elegans Bristol strain N2 but not jn the
C. elegans Bergerac strain EM1002, and that was closely
linked to ced-3. We named this restriction fragment length
polymorphism (RFLP) nP35. Using Tc1 to probe Southern
blots of cosmids derived from N2 genomic DNA and known
to contain Tc1 (G. Ruvkun, personal communication), we
identified two cosmids (MMM-C1 and MMM-C9) that con-
tained this 5.1 kb EcoRI fragment. These cosmids over-
lapped an existing cosmid contig that had been defineq
as part of the C. elegans genome project (Coulson et al.,
1986, 1988; A. J. Coulson et al., personal communication),
We used cosmids from this contig to identify four additional
Bristol-Bergerac RFLPs (nP33, nP34, nP36, and nP37),
By mapping these RFLPs between the Bristol and Ber-
gerac strains with respect to the genes unc-30, ced-3, and
unc-26, we oriented the contig with respect to the genetic
map. These experiments narrowed the region containing
the ced-3 gene to an interval spanned by the three cosmids
Cc48D1, WO7H6, and C43C9 (Figure 1A).
These three cosmids were microinjected (Fire, 1986;
J. Sulston, personal communication) into ced-3 mutant
animals to test for rescue of the mutant phenotype. Specifi-
cally, a candidate cosmid and cosmid C14G10, which con-
tains the wild-type unc-31 gene (R. Hoskins, personal
communication), were coinjected into ced-1(e7735); unc-
31(e928) ced-3(n717) hermaphrodites, and non-Unc prog-
eny were isolated and observed to see whether the n.on-
Unc phenotype was transmitted to the next generatlgn,
thus establishing a line of transgenic animals. Ypung first
larval stage (L1) progeny of such transgenic lines werg
examined for the presence of cell deaths using Nomarski
optics to see whether the Ced-3 phenotype .was rescued.
Cosmid C14G10 alone does not confer wild-type ced-3
activity when injected into a ced-3 m.utant (data not
shown). ced-1 was used to facilitate scoring of the Ced-:;l
phenotype (see Experimental Procedurgs), and unc.-3
was used as a marker for cotransformation (R. Hoskins,
personal communication; Kim and Horvitz, 19?0). y
As indicated in Figure 1A, of the three cosmids tested,
only C48D1 rescued the Ced-3 mutant phepotypg. TI':Z
non-Unc transgenic lines were obtained, the insertion li -
nis1 and the extrachromosomal line nEx2: Both were rese
cued. Specifically, L1 ced-1 animals contained an avg;’:l;s
of 23 cell corpses in the head, and L1 ced—l1 ;ced-3 agl e
contained an average of 0.3 cell corpses In the hea (d-3'
and Horvitz, 1986). By contrast, L1 ced-1l; unc-31 ce_neé
nis1 and L1 ced-1; unc-31 ced-3; nEx2 animals contzril e
an average of 16.4 (n = 20) and 14.5(n = 20) cell cc; F::on-
in the head, respectively. From these results, W
cluded that C48D1 contains t_he ced.-:a'gene.mid sl
To locate ced-3 more precisely within cos ol
we subcloned this cosmid and tested the subclo - (Pl
their abilities to rescue the Ced-3 mutant phfenc(;t)’cl)ed_s i
ure 1B). From these experinients, we localize
a DNA fragment of 7.5 kb (pJ7.5).

ced-3 Is Transcribed Primarily during
Embryogenesis and Independently

of ced-4 Function

iqure 1B)
We used the 7.6 kb pJ107 subclone of C48D1 (Figu

«.

i
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Figure 2. ced-3 RNA Is Expressed in Embryos

A Northern blot of poly(A)" RNA from mixed stages, embryos, L1-L4
larvae, and young adults, probed with the ced-3 cDNA subclone pJ118
(see Experimental Procedures). pJ118 did not detectably hybridize to
RNA derived from glp-1(q231) adults (which lack a germline; Austin
and Kimble, 1987) (data not shown), suggesting that the ced-3 RNA
detected in the young adults in this experiment was derived from em-
bryos within these animals. The level of RNA in each lane can be
estimated based upon hybridization to a control actin 1 probe (Krause
and Hirsh, 1984).

to probe a Northern blot of poly(A)* RNA derived from the
wild-type C. elegans strain N2. This probe hybridized to
a 2.8 kb transcript (data not shown; also see Figure 2).
Although this transcript was present in 11 different ethyl
methanesulfonate (EMS)-induced ced-3 mutant strains
(data not shown; the mutant n7764 was not tested), subse-
quent analysis revealed that all 11 mutants contain muta-
tions in the genomic DNA that encodes this mRNA (see
below), thus establishing this RNA as a ced-3 transcript.
The ced-3 transcript was most abundant during embryo-
genesis, when most programmed cell deaths occur (Suls-
ton and Horvitz, 1977; Sulston et al., 1983), and was also
detected at later stages (Figure 2).

Since ced-3 and ced-4 are both required for pro-
grammed cell death in C. elegans and since both are highly
e.XPressed during embryonic development (Yuan and Hor-
Vitz, 1992; see above), itis possible that one of these genes
fegulates the mRNA levels of the other. Previous studies
showed that ced-3 does not regulate ced-4 mRNA levels
(Yuan and Horvitz, 1992). To determine whether ced-4
'égulates ced-3mRNA levels, we probed a Northern blot of
RNA Prepared from ced-4 mutant embryos with the ced-3
cDNA subclone pJ118. The abundance and size of ced-3
"anscript were normal in the ced-4 mutants n1762 (gluta-
f“lne toochre nonsense mutation at codon 40),n1416(Tc4
INsertion into exon 5), n1894 (tryptophan to opal nonsense
Mutation at codon 401), and n1920 (G to A mutation in

the intron 3 splice donor site) (Figure 3A). None of the

T4 mutants tested has detectable ced-4 RNA (Figure
5 » Yuan angd Horvitz, 1992). Thus, ced-4 does not seem
affect the steady-state levels of ced-3 mRNA.

Wild type

ced-4(n1162)
ced-4 (n1416)
ced-4(n1894)
ced-4(n1920)

ced-3 RNA ==

ced-4(n1162)
ced-4 (n1416)
ced-4(n1894)
ced-4(n1920)

Wild type

ced-4 RNA ==

act-1 RNA ==

Figure 3. ced-3 RNA Is Expressed in ced-4 Mutants

Northern blots of total RNA from wild-type embryos and ced-4(n1162),
ced-4(n1416), ced-4(n1894), and ced-4(n1920) embryos. Probed with
the ced-3 cDNA subclone pJ118 (see Experimental Procedures) (A)
or the ced-4 probe SK2-1 and a control actin 1 probe (Krause and Hirsh,
1984) (B). Unlabeled bands in (A) and (B) correspond to ribosomal RNA
bands. (B) is reprinted from Yuan and Horvitz (1992).

ced-3 cDNA and Genomic Sequences

Toisolate ced-3 cDNA clones, we used the ced-3 genomic
DNA clone pJ40 (see Figure 1B), which rescued the Ced-3
mutant phenotype, when microinjected into ced-3 mutant
animals, as a probe to screen a cDNA library prepared
from the C. elegans wild-type strain N2 (Kim and Horvitz,
1990). The 2.5 kb cDNA clone pJ87 was isolated in this
way. On Northern blots, pJ87 hybridized to a 2.8 kb tran-
script, and on Southern blots, it hybridized only to bands
to which pJ40 also hybridized (data not shown). Thus, pJ87
was derived from an mRNA transcribed entirely from pJ40.
To confirm that pJ87 corresponds to a ced-3 cDNA clone,
we made a frameshift mutation in the unique Sall site of
pJ40, which corresponds to the unique Sall site in the
pJ87 cDNA clone and disrupts the putative ced-3 open
reading frame (see Experimental Procedures; see also
Figure 4A). Constructs containing this frameshift mutation
failed to rescue the Ced-3 phenotype when microinjected
into ced-3 mutant animals (six transgenic lines were exam-
ined; data not shown), suggesting that ced-3 activity was
eliminated by mutating the putative ced-3 open reading
frame.

We determined the DNA sequence of pJ87 (Figure 4).

pJ87 contains an insert of 2482 bp that can encode a
protein of 503 amino acids. pJ87 contains 953 bp of 3’
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Repeat 1

1 10 20 30 40 50 60
CTATTAAGGAATCACAAAATTCTGAGAATGCGTACTGCGCAACATATTTGACGS -CAAAATA

ced-3(la, for)
ced-3(la,rev)
ced-3(1b, for)

AAAATTCAGAGAATGCGTATTACAGTC - ATATTTGGCGCGCAAAATATCTCGTAGCT
AAATTCTGAGAATGCGCATTACTCAACATATTTGACGCGE -

Figure 4. ced-3Genomic Organization, Nucle-
otide Sequence, and Deduced Amino Acid Se-
= quence

N Thdes (A) The genomic sequence of the ced-3 region,

Pl el e s St - AT IMCTRANGATATTTGA o0 o lowTAncS as obtained from plasmid pJ107, which res-
ot T oA A T oA A Toco TR A AT A ATTOTTACES cued the Ced-3 mutant phenotype. The de-
ke _c_“_‘Tﬁf‘ﬁgmmgwﬁﬁﬁgﬁmgﬁmgm:g dgcgd amino acid sequence of the CED-3 pro-
consensus ~TAT-A-GG-A--A-A-AATT- -GA--AN-»-A-T-C--»--A*A-'ﬂC»CG--CAMATAT-T-G-A-C- tein y de”ved from the DNA Sequence Of the

80 90 100 110 120
ced-3(1a, for)

ced-3(la,rev)
ced-3(1b, for)
ced-3(2b, rev)

AAAACTACAGTAATTCTTTAAATGACTACTGTAGCGC - - - ~TTGTGTCGA - TTTACGGGCTCAATT:
= ~TTGTGACGA - TTTACGGGTTATCAAAATTCGAAA

AAAACTACTGTAACTCTTTAAAAGAGTACTGTAGCGC - - - - TGGTGTCTG - TTTACGGAAATAATT -

o ced-3 cDNA clone pJ87 and from other experi-
ments described in the text and in Experimen-
tal Procedures. The likely start site of transla-

fem-1(for) AAAACTACAGTAACTCTTTGAATGACTACTGTAGCGC - - - - TTGTTTCGA - TTTACGGGOTCGTT. tion is marked with a closed arrowhead. The 5’
fem-1(rev) AAAACTACAGTGATTCGCTGAATGAATACGGTAGGGTCG = - = = = == <~ =~ =~ o~ - . i
h;:-l (;:‘;) Amcnc:crnnccfrmrmccr:m—occ—-- - - TGTTGA- TTTACGGGC - end of pJ87 is indicated byan open arrowhead.
hlh-1(rev) AAAACTACAGTAATTTGTCAAGGGACTACTGTAGCTAGCGCTTG TG TCGA - TTTACGGAGE - TCGATTTT The SL1 splice acceptor site of the ced-3 tran-
consensus A-AACTAC-GT=A-==-==-A-~G--TA--GTAG- -~~~ T-GT=-=-- script is boxed. The Sall site is represented by
Repeat 2 a bracket. The positions of 12 ced-3 mutations
1 10 20 30 10 50 0 70 80 e e e e
ced-3(for) TCATTCAAGATATGCTTATTAACACATATAATTATCATTAA TG TGAATTTC T TG TAGAAATTTTGGGCTTTTCGTTCTAG are indicated. Repetitive elements are indi-
ced-3 (rev) TCATTCAAGATATGCTTATTAACATCTATAATTATCAATAAAGGTAATATC TTGAAGAAA

consensus

90 100 110 120 130

TTTTGG- - TTTTCGCTCTAA
TCATTCAAGATATGCTTATTAACA - ~TATAATTATCA - TAA -G - -AAT - TCTTG -AGAAATTTTGG - - TTTTCG-TCTA-

cated as arrows above the relevant sequences.
Numbers on the left indicate nucleotide posi-

140 150 160 i ini i
ced-3(for) TATGCTCTACTTTTGAAATTGCTC AACGAAARAAT - - - - - - - - - - < CATGTGGTTTGTTCATATGAATGACGAAAAATA tions, begining WIU.’I the _Stan of pJ107. Num-
ced-3 (rev) TATTCTCTACTTTTTAAGTTGC TCAACGAAAAAATAATGGGGTTAATCATCTG - - - bers below the amino acid sequence indicate
consensus TAT-CTCTACTTTT-AA - TTGCTCAACGAAAAAAT - - - - - - - - -~ - CATGTG- -~ amino acid positions.
170 180 190 200 210 220 230 240 (B) Comparison of repetitive elements in ced-3
ced-3(for) GCAA-- - - - - TTTTTATATATTTT -CCOCTATTCATG TTGTGC AGAAAAA TAGTAAAAAAGCGCATGCATTTTT - - - - -
ced-3 (rev)

consensus

250 260 270 280 290
ced-3(for)

ced-3(rev)

CAMMATGTATI‘X'I‘AATACA’I‘I'!‘I\’?CCCCTATICAT-'!'I‘GTGCAGAMAGT-GTAMAAAACGCANCAT’I‘I’H‘T‘ACAT

-~~~ ~CGACA -TTTTTTACATCGAACGACAGCTCACTTCACATGCTGAAGACGAGAGACG
TATTCGACATTTTTTTACATCGACCGAGATOCCATTTCACATGCTGAAGACGAGAGACS

with repetitive elements in the genes fem-1,

" AA-- === T-TTTT-ATA- ATTTT-CCCCTATTCAT- TTGTGCAGAAAA - T-GTAAAAAA - CGCATGCATTTTT - - - - - hih-1, lin-12, and glp-1 and the cosmids B0303

and ZK643 (see text for references). Inthe case
of inverted repeats, each arm of a repeat (for
or rev for forward or reverse, respectively) was
compared with both its partner and with indivig-
ual arms of the other repeats. Dashes repre-
sent gaps in the sequence to allow optimal align-
ment, except in the consensus sequence, in
which dashes indicate nonidentical residues.

consensus - =~ ~CGACA-TTTTTTACATCGA-CGA - A-C-CA- TTCACATGCTGAAGACGAGAGACS
Repeat 3
1 10 20 30 40 50
ced-3 (for) CAGCTTCGAGAGTTTG - AAATTACAGTACTCCTTAAAGGCGCACACCCCATTTGCATTSG
ced-3(rev)
1in-12(for)
14n-12(rev)
B0303 (1)
BO303 (2)
2K643 (1) CAGCAACAAAAGTTTG - AAATTACAGTGCTCTTTAAAGGCACACA
2K643 (2, for) CAGAAGCGAAAATTTG - AAATTACAGTACTCTTTAAACGCTCAA -
ZK643 (2, rev)
2K643 (3)
glp-1(for)
glp-1(rev)
consensus
ced-3 (for)
ced-3(rev)
1in-12(for)
lin-12(rev)
80303 (1)
80303 (2) ATCGARAATTTGTCGTGTCGAGACCGGGTAGE - TAATTTTATGC -CAAAAA - - - - - - -
2K643 (1) AACAAARAAGTGTCGCTTCGAGACCGGGTA -CCGTGTTTTTGGCGCAAAAATCGETAT
2K643 (2, for) ATAGAAAG - TTGTCGTTTCGAGACCGGACA - CCGTATTTTTGGCGCAAAATATACCTG
2K643 (2, rev) ACAGAAAA - TTCTCGTTTCGAGACCGAACA -CAGTATTTTTGGCGGAGAAATTCTAAA
2K643(3) oo TTTGTCGTGTCGAGACCTGG
glp-1(tor) AACAAATTTTTGTCGTGGCGAGACCTGA GATTACTAGG
glp-1(rev) ... GTTTGTCGT - ==~ === e e -
consensus A===-A=-=-T-TCG- - ~CGAGACC - - - - O TTT---
Repeat 4
1 10 20 30 40 50 70
ced-3 AACCAATCAGCATCGTCGATCTCCGCCCACTTCATCGGATTGG TTTGAAAGTGGGCGGAGTGAATTGCTGATTGGTC
1in-12 AACCAATTAGCGACTTCGGAATTTCCATACTTAATC TGATTGG TTGAAGAATGGGCA AATTGCTGATTGGCC
consensus AACCAAT-AGC - ~C-TCG- - ~T--~C~ ~ACTT-ATC -GATTGGTT - -A - A- TGGGC - GAG - GAATTGCTGATTGG - C
Repeat 5
10 20 10 40 50 60
ced-3 (for) TTTTAAG-GACACAGAAAAATAGGCAGAGGCTCCTTTTGCAAGCCTGCCGOGCGTCAACT
ced-3 (rev)

consensus

untranslated sequence, not all of which is essential for
ced-3 function, since genomic constructs that lack the last
380 bp of the 3-most region (pJ107 and its derivatives;
See Figure 1B) rescued the Ced-3 mutant phenotype. The
PJ87 cDNA clone ends with a poly(A) sequence (data not
shown), suggesting that the 3’ end of pJ87 corresponds
10 the extreme 3’ end of the ced-3 transcript. The 5’ end
of pJ87 does not contain trans-spliced sequences (Bek-
tesh et al., 1988; Huang and Hirsh, 1989) and therefore
Might or might notinclude the 5’'end of the ced-3 transcript.

To determine the 5’ end of the ced-3 transcript, we per-
Ormed primer extension experiments (Figure 5). Two
Primers containing sequences separated by 177 bp in the

TTTCAAGCCGCACAGAAAAAGAGGCGGAGCGTCGTTTTGCAAACTTGCCGCGCGCCAACT

TTT-AAG- - ~CACAGAAAAA -AGGC -GAG- ~TC - TTTTGCAA - C - TGCCGCGCG -CAACT

genomic DNA sequence (see below) and by 123 bp in
the cDNA sequence were used for the primer extension
reactions: Pex1, starting at position 2305 of the genomic
sequence, and Pex2, starting at position 2482 of the geno-
mic sequence. The Pex2 reaction yielded two major prod-
ucts of 283 nt and 409 nt, whereas the Pex1 reaction gave
one product of 160 nt. The 160 nt product of the Pex1
reaction corresponds to the 283 nt product of the Pex2
reaction, since these products differ in size by 123 nt.
Products of these lengths are consistent with the presence
of a ced-3 transcript that is trans-spliced to a 22 bp C.
elegans spliced leader (Bektesh et al., 1988) at a consen-
sus splice acceptor site at position 2166 of the genomic
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14 5-8 9 10
GATCGATC Pex1 Pex2
l @ 109
‘ @— 283
t
1
L § @ 160
'
i i ced-3
Figure 5. A Primer Extension Experiment to Determine the

ipti itiation Site
Transcription Initiation ' . s
See text for details. Lanes 1-4, DNA sequencing resa(;;losr;;‘:encmg
ein primer Pex1 and pJ40 as the template. Lane; ; t,he ey
:'jesac?ion products using the primer Pex2 and pJ40 a

on reaction products using primer Pex1 and

Lane 9, primer extensi tion products

imer extension reac
Aastemplate. Lane 10, prime ; rimer
Nz'n;tzlrrr":‘er Pex2 and N2 total RNA as template. Sizes of the pri
usin

i 0.
extension products are indicated to the right of lane 1

uence. The larger Pex2 product might be a resultt :;
Z?iling b).l the Pex2 primer from an m!TjNA;?get:;:Zgript
ight identify a second cea- i .
35:@5?;:?: :rrng::fgy a ced-3 transcript using pnmersézi
cated between positions 1 anq 2166 of th(ij ?s?::é% oy
uence (see Figure 4A) and prlmers locate o,
?data not shown), indicating that if an alternate ce'thin il
script exists, it is not entiretly encoded by DNA wi
ini i nt. .
m||?2?;;z?:;:22c; ?3:36 mRNA exists, it shoulq be pozs;
ble to use the polymerase chain reacthn to am;;l:fsy :p(:; *o
product from total C. elegans RNA using g;;:qsequences'
for spliced leader sequences and ced-3¢ s
We therefore prepared cDNA from to?e.xl ; t :e CgDNAS "
using reverse transcriptase and'amplme S o
ing the primers SL1 (which contains the SL1sp ol
sequence; Bektesh et al., 1988) and log-5 % |cmducts
at position 2897 of the genorlr'lfi::3 Ze::iir;c:arzé prcie nfers Sy
i tion were reampli .
Zf'\é%?iéi?g (which starts at position 2344 of ;heg;ggrg;;
sequence). A product of the expected lengt (

Table 1. Sequences of ced-3 Mutations

Substitution
Wild-Type Mutant or Splice Site
Allele Sequence Sequence Change
17 ttttgcag/CAA ttttgcaa/CAA Exon 7 acceptor
Z; 8 GGA AGA (326;3;
n1040 CTC T7C o
n1129 GCA GTA
L g S486F
TCC T1C
5 ; ;gg CAG TAG Q404amber
i TGG TGA W428opal
o CAA TAA Q412ochre
n1949 T S
n2426 GAG AAG s
2430 GCT GTT )
z2433 GGC AGC G360

Amino acid positions correspond to the numbering in Figure 4A.

was cloned into the PCR1000 vector (Invitrqgen, San
Diego, California), and its sequence was r?ite;r'::r;z? égrantz
’ i nfirmed that a
not shown). This sequence co . |
i -spliced to the C. elegans
-3 transcripts are .trans-sp . .
zgﬁced leader SL1 at a consensus splice alcceptor a:n pec:]s;s
i ce. Similar experi
ion 2166 of the genomic sequence.
tL::ing aprimer containing the SL2 spllced.lfead:r Ssle-agl:re:::
i i identify a -
nd Hirsh, 1989) failed to i f :
(sl:)::;g ?nRNA. Since the primer extension e:(pgm?e:tss
ifi j - RNA that probably is trans-
identified a major ced-3 m : :
S:Iiced it seems likely that a large prop;)r:tlo;l g'f)siercj a3
; -spliced. Based upon thes -
mRNA is SL1 trans-splice ' ey
lational start codon o
i we propose that the trans C
:;0?:;3 firspt ir?-frame ATG downstream of thg SLA SZ::
acceptor site at position 2232 of the g.enom_lc sgq:; e
and that the CED-3 protein is 503 amino acids in leng
see Figure 4A). 3
: To d(?fine the structure of the ced-3 genefe;;vn? :ihe;ep::;mid
i f the ced-3 gene '
the genomic sequence of th . e Finid
i i 7653 bp in length (
107. Theinsertin pJ107 is . p:
Zi). Comparison of the ced-3 genomic and Zs?n'?rons
quences revealed that the ced-3 gene has se;/ o o
that range in size from 54 bp to 1195 bp. The OOdon o
introns, as well as sequences 5' of the star: chiCh e
below), contain repetitive elements, §ome o' ﬁs o e
been previously identified in noncoding regio O
C. elegans genes, such as fem-1 (Spence etha m oy
lir;-12 (Yochem and Greenwald, 1'989; J. Yo:; ehem -
Greenwald, personal communication), glp-1 ( gg ol
Greenwald, 1989), and hlh-1 (Krause et al., 19 ; )|, g
as in the cosmids ZK643 and B0303 (Sulstoq e ?; oo
(see Figure 4B). Genomic sequence ane.1Iy5|s oJ g
homolog from the related nematode C. briggsae ( e.até i
S. L., unpublished data) revealed that these r.ep ol
nc.>t ;.>,resent in this nematode specie§, suggesting on
repeats do not have a role in regulating ced—? ex?inactive
It is possible that such repeats represent active 0
ansposable elements. o -
! Thg predicted CED-3 protein Is hydrophili
residues are charged or polar) and doe§ noOne br
obvious potential transmembrane domains.

¢ (256 of 503
t contain any
ion of
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n1040 n718 121161

n1163

Serine-rich

Figure 6. Intron-Exon Structure of the ced-3 Gene

Intron—exon structure (represented by lines and boxes, respectively)
of the ced-3 gene and positions of 12 ced-3 mutations. The trans-
spliced SL1 leader, the serine-rich region, the mutations, and the pre-
sumptive translational start site (ATG), termination site (TAA), and
polyadenlyation site (AAA) are indicated.

the CED-3 protein is rich in serines: from amino acid 107
to amino acid 205, 32 of 99 amino acids are serines.

We determined the sequences of 12 EMS-induced ced-3
mutations (see Figure 4A; Table 1). Eight are missense
mutations, three are nonsense mutations, and one alters
a conserved G at the presumptive splice acceptor site of
intron 6.

To identify functionally important regions of the CED-3
protein, we cloned and determined the genomic se-
quences of the ced-3 genes from the related nematode
species C. briggsae and C. vulgaris. Sequence compari-
sons showed that amino acids corresponding to residues
1-205 of the C. elegans CED-3 protein are less conserved

n1040
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among the three nematodes (68% identical) than are
amino acids corresponding to residues 206-503 of the C.
elegans CED-3 protein (84% identical) (see Figure 7A).
All eight EMS-induced missense mutations in ced-3 (see
above) altered residues that are conserved among the
three species (see Figure 7A). Interestingly, six of these
eight mutations alter residues within the last 100 amino
acids of the protein, and none affects the serine-rich region
(see Figure 4A; Figure 6). These results suggest that the
carboxyl region is important for ced-3 function and that the
serine-rich region might be unimportant or that different
residues within it might be functionally redundant.

CED-3 Protein Is Similar to the Mammalian ICE

and Nedd-2 Proteins

A search of the GenBank, PIR, and SWISS-PROT data
bases revealed that the non-serine-rich regions of the
CED-3 protein are similar to the human and murine ICEs
(Figure 7A). ICE is a Cysteine protease that cleaves the
inactive 31 kd precursor of IL-1B between Asp-116 and
Ala-117, releasing a carboxy-terminal 153 amino acid poly-
peptide known as mature IL-1B (Kosturaet al., 1989; Black
et al., 1989). The CED-3 proteins from the three Caeno-
rhabditis species and the human ICE protein share 29%
amino acid identity. The most highly conserved region con-
sists of amino acids 246-360 of the CED-3 protein and

Figure 7. CED-3 Protein

i (A) Comparison of the CED-3 protein se-
" quences from C. elegans, C. briggsae, and C.
: vulgaris with the human and mouse ICEs and
with the mouse Nedd-2 protein. Amino acids
are numbered to the right of each sequence.
Dashes indicate gaps in the sequence to allow
optimal alignment. Residues that are identical

i gens o tween nematode and mammalian sequences
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p 8l are boxed. Missense ced-3 mutations are indi-
* cated above the comparison blocks, showing
= 75 the residue in the mutant CED-3 protein and
the allele name. Asterisks indicate potential
aspartate self-cleavage sites in the CED-3 pro-
tein. Circles indicate known aspartate self-
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cysteine in ICE.
(B) Comparison of structural features of the
CED-3 protein and human ICE. The predicted
proteins corresponding to the ICE proenzyme
and CED-3 are represented. The active site in
ICE and the predicted active site in CED-3 are
indicated by the closed rectangles. The four
known cleavage sites in ICE flanking the pro-
cessed ICE subunits (p24, which was detected
in low quantities when ICE was purified
[Thornberry et al., 1992], p20, and p10) and
two conserved presumptive cleavage sites in
the CED-3 protein are indicated with solid lines
and linked wiih dotted lines. Five other poten-
tial cleavage sites in the CED-3 protein are indi-
cated with dashed lines. The positions of the
aspartate (D) residues at potential cleavage
sites are indicated below each diagram. The
carboxyl terminus of p24 has not been deter-
mined and is indicated by a dotted arrow.
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amino acids 166-287 of the human ICE protein: 49 of 115
residues are identical (43% identity). Cys-285 is thought
to be an essential component of the active site of IQE
(Thornberry et al., 1992). The amino acid pentapeptide
QACRG containing this active cysteine is the longest pgp-
tide conserved among the murine and human ICE proteins
and the CED-3 proteins of the three nematode species.

Active human ICE is composed of two subunits (p20
and p10) that appear to be proteolytically cleaved from a
single proenzyme by the mature enzyme (Thornberry et
al., 1992). Four cleavage sites in the proenzyme havg bgen
defined. Only p20 and p10 are necessary for the in vitro
enzymatic activity of ICE, suggesting that the three ad-
ditional fragments resulting from ICE cleavage 'are not
required for ICE function. Two of these cleavage sites (as-
partic acid-serine dipeptides at positions 103-104 and
297-298 of ICE) are conserved in CED-3 (positions 131-
132 and 371-372, respectively) (Figure 7).

The carboxy-terminal portion of the CED-3 protein and
the p10 subunit of ICE are similar to the proteln. pro_duct
of the murine gene nedd-2 (Figure 7A), which is hlgh!y
expressed during embryonic brain development and is
down-regulated in adult brain (Kumar et al., 1_992). The
C. elegans CED-3 protein and the Nedd-2 protein are 27%
identical, as are the ICE and Nedd-2 proteins (Figure 7A).
The Nedd-2 protein apparently does not contain the
QACRG peptide found at the active site of ICE (Figure 7A).
Six of the eight known ced-3 missense mutations (n7?8,
n1040,n1129,n1164,n2426, and n2433) alter amino acids
that are identical among the three nematode CED-3 pro-
teins and human ICE. For example, the mutation n2433
introduces a glycine to serine substitution at an absolutgly
conserved glycine near the putative active site cysteine
(see Figure 4A; Figure 7A). Four mutations (n7 129, ni 1.63,
n1164, and n2426) alter amino acids that are identical
among the nematode CED-3 proteins and the Nedd-2 pro-
tein (Figure 7A).

Discussion

The genes ced-3 and ced-4 are the only genes kr?own
to be required for programmed cell death to occur in C.
elegans (Ellis and Horvitz, 1986). Our genetic and molecu-
lar studies of the ced-3 gene have revealed that this gene
shares a number of features with ced-4: like ced-4 (sge
Yuan and Horvitz, 1992), ced-3 is not required for viability
and is expressed mostly during embryogenesis, the stage
during which 113 of the 131 programmed cell deaths occur
(Sulston et al., 1983). Furthermore, just as ced-3 gene
function is not required for ced-4 gene expression (Ypan
and Horvitz, 1992), ced-4 gene function is not required
for ced-3 gene expression. Thus, these two genes do not
appear to control the onset of programmed cell death by
acting sequentially in a transcriptional regulatory cascade.

The CED-4 protein is novel in sequence, and the only
hint concerning its function is that two regions of the pro-
tein show some similarity to the EF-hand motif, which
binds calcium (Yuan and Horvitz, 1992). For this reason
we have suggested that the CED-4 protein and hence pro-
grammed cell death in C. elegans might be regulated by

calcium. However, no direct evidence for this hypothesis
has yet been obtained. The CED-3 protein similarly con-
tains a region that offers a clue about possible function:
a region of 99 amino acids contains 32 serines. Since
serines are common phosphorylation sites (Edelman et
al., 1987), it is possible that the CED-3 protein and hence
programmed cell death in C. elegans are rggulated by
phosphorylation. Phosphorylation has previously been
suggested to function in cell death (McConkey. et al,,
1990). Although the precise sequence of the. §er|ne-rich
region varies among the three CaenorhabQ|t|s species
studied, the relatively high number of serines is conserved
(32,31,and 33in C. elegans, C. briggsae, and C. vulgaris,
respectively). None of the mutations in ced-3 gffects the
serine-rich region. These observations are consistent with
the hypothesis that the presence of serines is more im-
portant than the precise amino acid sequence within this
region.

Much more striking than the presence of the serine-rich
region in the CED-3 protein is the similarity among the
non-serine-rich regions of CED-3 and the human and mu-
rine ICEs. Human ICE was identified as a substrate-
specific protease that cleaves the 31 kd pro-IL-1B between
Asp-116 and Ala-117 to produce the mature 17.§ kd IL-1B.
IL-1B is a cytokine involved in mediating a wide range
of biological responses, including inflammation, septic
shock, wound healing, hematopoiesis, and the growth of
certain leukemias (Dinarello, 1991; diGiovine and Duff,
1990). A specific inhibitor of ICE, the crmA gepe product
of cowpox virus prevents the proteolytic activation of IL-1B
(Ray et al., 1992) and inhibits the host inf|gmmatory re-
sponse (Ray et al., 1992). Cowpox virus carrying a deleted
crmA gene is unable to suppress the inﬂamrriwato‘ry re-
sponse of chick embryos, resulting in a reduction in the
number of virus-infected cells and less damage to the host
(Palumbo et al., 1989). These observations indicate the
importance of ICE in bringing about the inflammatory re-
sponse.

pA region of 115 amino acids (residues 246-360 of CED-3)
shows the highest identity (43%) between the C.. ele-
gans CED-3 protein and the human ICE protein. This rg-
gion contains a conserved pentapeptide QACRG (posu-
tions 356-360 of the CED-3 protein), which contalns'fa
cysteine known to be essential for ICE function. Spe.Cl ic
modification of this cysteine in human ICE results lnha
complete loss of activity (Thornberry et al., 1992).. Thii
ced-3 mutation n2433 alters the conserved glycine in t'
pentapeptide and eliminates ced-3 function, suggesf'"h%
that this glycine is important for ced-3 act|v'|ty and mtlger
be an integral part of the active site of ICE. Six of the offect
seven identified ced-3 missense mutations a!so artant
highly conserved residues that are likely to be I.mPIO "
for the actions of both CED-3 and ICE. Interesting y,ition
mutations n718 (position 65 of CED-3) and n1040 (Porscon_
27 of CED-3) eliminate ced-3 functionin viyo yet alte o
served residues that are not contained in enherthegrg) e

p10 or p20 subunits of ICE (Thornberry et al., 190 ro.le k
possible that these residues have a nonca'ltalyt"mamin g
both CED-3 and ICE function, for example, in mal

- - ivation. The ¥
a proper conformation for proteolytic activation
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man ICE proenzyme (p45) can be proteolytically cleaved
at four sites (Asp-103, Asp-119, Asp-297, and Asp-316 of
ICE) to generate two peptides (p20 and p10) necessary
for in vitro activity (Thornberry et al., 1992) and three other
peptides with as yet undefined functions. At least two of
these cleavage sites are conserved in CED-3, indicating
that the CED-3 protein might be processed as well.

The similarity between the CED-3 and ICE proteins
strongly suggests that CED-3 functions as a cysteine pro-
tease in controlling programmed cell death by proteolyti-
cally activating or inactivating a substrate protein or pro-
teins. A potential substrate for CED-3 might be the product
of the ced-4 gene. The CED-4 protein contains six aspar-
tate residues that might be targets of the CED-3 protein.
Four of these aspartates are followed by a serine (Asp-151,
Asp-184, Asp-192, and Asp-541), and two are followed by
an alanine (Asp-25 and Asp-459); of the four ICE cleavage
sites in the ICE proenzyme, two are aspartic acid—serine
and one is aspartic acid-alanine. Alternatively, the CED-3
protein might directly cause cell death by proteolytically
cleaving proteins that are crucial for cell viability.

The similarity between CED-3 and ICE defines a novel
protein family. Thornberry et al. (1992) suggested that the
sequence GDSPG at position 287 of ICE resembles a
GX(S/C)XG motif found in serine and cysteine protease
active sites. In the three nematode CED-3 proteins, how-
ever, only the first glycine of this sequence is conserved,
and in mouse ICE the S/C is missing, suggesting that the
CED-3/ICE family shares little sequence similarity with
known protease families.

The similarity between CED-3 and ICE suggests not only

that CED-3 might function as a cysteine protease but also
that ICE might function in programmed cell death in verte-
brates. Consistent with this hypothesis, after murine peri-
toneal macrophages were stimulated with lipopolysaccha-
ride and induced to undergo programmed cell death by
exposure to extracellular ATP, mature active IL-1p was
released into the culture supernatant; by contrast, when
cells were injured by scraping, IL-1B was released exclu-
sively as the inactive proenzyme (Hogoquist et al., 1991).
These results suggest that ICE might be activated upon
induction of programmed cell death. A role for ICE in pro-
grammed cell death need not be mediated by IL-1B but
rather could be mediated by another ICE substrate. ICE
transcripts have been detected in cells that do not make
IL-1B (Cerretti et al., 1992), suggesting that other ICE sub-
strates might well exist. Alternatively, members of the
CED-3/ICE family other than ICE might function in verte-
brate programmed cell death.
) The p10 subunit of ICE and the carboxy-terminal por-
tions of the CED-3 protein are similar to the protein en-
coded by the murine nedd-2 gene, which is expressed
during early embryonic brain development (Kumar et al.,
1992). Since the Nedd-2 protein apparently lacks the
QACRG active site region and is similar to ICE, primarily in
the region of the p10 subunit of ICE, nedd-2 might function
Noncatalytically to regulate an ICE or ICE-like p20 subunit.
nterestingly, three ced-3 missense mutations alter resi-
n::s Conserved among the Nedd-2 and CED-3 proteins.

d-2 gene expression is high during embryonic brain

development (Kumar et al., 1992), when much pro-
grammed cell death occurs (Oppenheim, 1981). These
observations suggest that Nedd-2 might function in pro-
grammed cell death.

The C. elegans gene ced-9 protects cells from undergo-
ing programmed cell death by directly or indirectly antago-
nizing the activities of ced-3 and ced-4 (Hengartner et al.,
1992). The vertebrate gene bcl-2 acts functionally similarly
to ced-9: overexpression of bcl-2 protects or delays the
onset of apoptotic cell death in a variety of vertebrate cell
types as well as in C. elegans (Vaux et al., 1988; Nunez
et al., 1990; Garcia et al., 1992; Sentman et al., 1992;
Strasser et al., 1991; Vaux et al., 1992: M. Hengartner
and H. R. H., unpublished data). Thus, if ICE or another
CED-3/ICE family member is involved in vertebrate pro-
grammed cell death, an intriguing possibility is that bc/-2
could act by modulating its activity. Furthermore, since
bcl-2 is a dominant oncogene (overexpression of bcl-2 as
a result of chromosomal translocation occurs in 85% of
follicular and 20% of diffuse B cell ymphomas; Fukuhara
et al., 1979; Levine et al., 1985; Yunis et al., 1987), ICE
and other ced-3/ICE family members might be recessive
oncogenes: the elimination of such cell death genes could
prevent normal cell death and promote malignancy, just
as overexpression of bcl-2 does.

Experimental Procedures

General Methods and Strains

The techniques used for culturing C. elegans were as described by
Brenner (1974). All strains were grown at 20°C. The wild-type strains
were C. elegans variety Bristol strain N2, Bergerac strain EM1002
(Emmons et al., 1983), C. briggsae, and C. vulgaris (V. Ambros, per-
sonal communication). Genetic nomenclature follows the standard C.
elegans system (Horvitz et al., 1979). The mutations used have been
described by Brenner (1974) and by Hodgkin et al. (1988) or were
isolated by us. These mutations are listed below.

LG I: ced-1(e1735).

LG IV: unc-31(e928), unc-30(e191), ced-3(n717, n718, n1040, n1129,
n1163, n1164, n1165, n1286, n1949, n2426, n2430, n2433), unc-
26(e205).

LG V: egl-1(n487, n986).

LG X: dpy-3(e27).

Isolation of Additional Alleles of ced-3

A noncomplementation screen was designed to isolate new alleles of
ced-3. Because animals carrying ced-3(n71 7) in trans to a deficiency
are viable (Ellis and Horvitz, 1986), we expected animals carrying a
complete loss-of-function ced-3 allele generated by mutagenesis to be
viable in transto ced-3(n717), even if the new allele caused inviability in
homozygotes. We used an egl-7 mutation in our screen. Dominant
mutations in egl-1 cause the two hermaphrodite-specific neurons
known as the HSNs to undergo programmed cell death (Trent et al.,
1983). The HSNs are required for normal egg-laying, and egl-7 her-
maphrodites, which lack HSNs, are egg-laying defective. The mutant
phenotype of egl-1 is suppressed in a ced-3; egl-1 strain because
mutations in ced-3 block programmed cell deaths. egl-1(n986) males
were mutagenized with EMS (20 mM for 4 hr; Sigma, St. Louis, Mis-
souri) and crossed with ced-3(n717) unc-26(e205); egl-1(n487); dpy-
3(e27) hermaphrodites. Most cross progeny hermaphrodites were egg-
laying defective because they were heterozygous for ced-3 and
homozygous for egl-1. Rare egg-laying competent animals were
picked as candidates for carrying new alleles of ced-3. Four such
animals were isolated from about 10,000 hermaphrodite F1 cross prog-
eny of EMS-mutagenized animals. These animals could have carried
either a dominant suppressor of the egg-laying defect of egl-7 or a
recessive mutation in ced-3. To distinguish between the two possibili-
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sed when cosmid subclones were injected. Mini-
an overnight bacterial culture
1989). DNA was extracted by

Miniprep DNA was u
prep DNA was prepared from 1.5 ml of
erbroth (Sambrook et al.,

1 males were mated with egl-1 hermaphro-

ties, ced-3 (new allele); egl-
d-3/+; egl-1) were scored for suppression

dites, and the progeny (ce

of the Egl phenotype. In each case, all of the progeny were egg-laying grown in sup

defective, suggesting that the mutation was recessive and thus likely the alkaline lysis method, as described by Sambrook et al. (1989), and
was treated with RNAase A(37°C for 30 min) and then with proteinase

K (55°C for 30 min), phenol extracted and then chloroform extracted,
precipitated twice (firstin 0.3 M sodium acetate [pH 5.2] and then in
0.1 M potassium acetate [pH7.2]), and resuspended in 5 ul of injection
puffer as described by Fire (1986). The DNA concentrations used in
injections were between 100 pg/ml and 1 mg/ml.

Subclones of C48D1 were generated as follows. C48D1 was di-
gested with BamHI and self-ligated to generate subclone C48D1-28.
C48D1-43 was generated by partial digestion of C48D1-28 with Bglll.
pJ40 was generated by digestion of C48D1-43 with Apal and BamHlI.
pJ107 was generated by partial digestion of pJ40 with Bglll. pJ7.5and
pJ7.4 were generated by Exolll deletion of pJ107.

All transformation experiments used a ced-1(e1735); unc-31(e928)
ced-3(n717)strain. The ced-1 mutation was present to facilitate scoring
of the Ced-3 phenotype. Mutations in ced-1 block the engulfment of
corpses generated by programmed cell death, causing the corpses

of dead cells to persist much longer than in the wild type (Hedgecock
et al., 1983). Thus, the presence of a corpse indicates a cell that has
undergone programmed cell death. The Ced-3 phenotype was scored
by counting the number of corpses present in the head of young L1
animals. Cosmid C48D1 or plasmid subclones were mixed with
C14G10 (which contains the unc-31(+) gene) at a weight ratio of 2:1
or 3:1 to increase the chances that an unc-31(+) transformant would
contain the cosmid or plasmid being tested. Usually, 20-30 animals
were injected in one experiment. Non-Unc F1 progeny of injected ani-
mals were isolated 3-4 days |ater. About one half to one third of the
non-unc progenytransmmed the non-Unc phenotype to the F2 genera-
tion and could be used to establish a line of transgenic animals. The
young L1 progeny of such non-Unc transgenics were checked for the
number of dead cells present in the head using Nomarski optics, as
described by Ellis and Horvitz (1986). Animals of the transgenic line
nls1 transmitted the non-Unc phenotype to 100% of their progeny,
implying that the ced-3 and unc-31 transgenes had integrated into the
genome. Non-Unc animals of the transgenic line nEx2 transmitted the
non-Unc phenotype to 50% of their progeny, implying that the ced-3
and unc-31 transgenes were present on an extrachromosomal array
that is maintained as an unstable free duplication (Way and Chalfie,

1988).

to be a ced-3 allele.

Cosmid Libraries

Two cosmid libraries were used extensively in this work. A Sau3Al

partial digest genomic library of 7000 clones in the vector pHC79 was
agiftfromG. Benian (personal communication) and was usedtoisolate
the cosmids MMM-C1 and MMM-C9. A Sau3Al partial digest genomic
library of 6000 clones in the vector pJB8 (Ish-Horowicz and Burke,
1981) was a gift from A. J. Coulson and J. Sulston (Coulson et al.,
1986) and was the source of cosmids Jc8, C48D1, and C43C9. WO7H6

is in the vector Lorist 6.

\dentification and Mapping of RFLPs
Toplace ced-30n the physical map, we sought toidentify Tc1 elements

closely linked to ced-3 and specific to either the Bristol N2 or Bergerac
EM1002 strains. We mated Bristol ced-3 unc-26/++ males or Bristol
unc-30 ced-3/++ males with Bergerac hermaphrodites. We isolated
recombinants of phenotypes Ced-3 non-Unc-26, Unc-26 non-Ced-3,
Unc-30 non-Ced-3, and Ced-3 non-Unc-30 from the progeny of the
ced-3 unc-26 (Bristol)/++ (Bergerac) and unc-30 ced-3 (Bristol)/++ (Ber-
gerac) animals, respectively. In this way, we established 15 inbred
lines containing copies of chromosome IV derived from both the Bristol
and Bergerac strains and recombinant in the region of ced-3.

By probing DNA from these strains with the Tci insert of plasmid
pCe2001 (Emmons et al., 1983), we identified a 5.1 kb EcoRl Tcl-
containing restriction fragment specific to the Bristol strain and closely
linked to ced-3. We named this RFLP nP35. nP35 was localized to
cosmids MMM-C1 and MMM-C9, which were used to identify a cosmid
contig in the ced-3 region (see text for details).

To identify additional RFLPs in the ced-3 region, DNAs from the
recombinant inbred Bristol and Bergerac strains were digested with
various restriction enzymes and probed with different cosmids to 100k
for RFLPs between these strains. nP33 is a Hindlll RFLP detected by

the “right” end of cosmid Jc8, which is from the Coulson and Sulston
library. The right end of Jc8 was made by digesting Jc8 with EcoRI
and self-ligating. nP34 is a Hindlll RFLP detected by the “left” end of
Jc8. The left end of Jc8 was made by digesting Jc8 with Sall and
self-ligating. nP36 and nP37 are Hindlll RFLPs detected by the cos-
mids T10H5 and B0564, respectively.

We mapped the RFLPs nP33, nP34, nP35, nP36, and nP37 with
respect to the genes unc-30, ced-3, and unc-26. The location of unc-30
on the physical map was determined by R. Hoskins (personal commu-
nication). Southern blots using DNA from the Ced-3 non-Unc-26 and

Unc-26 non-Ced-3 inbred recombinant strains described above were

used to map nP33, nP34, and nP35 (data not shown). Three of three

Unc-26 non-Ced-3 recombinants carried the Bristol RFLP nP33, while

2 of 2 Ced-3 non-Unc-26 recombinants showed the Bergerac pattern;

thus, nP33 maps very close to or to the right of unc-26. For nP34, 2

of 2 Ced-3 non-Unc-26 recombinants and 2 of 3 Unc-26 non-Ced-3

recombinants showed the Bergerac pattern; the remaining Unc-26
non-Ced-3 recombinant showed the Bristol pattern. The genetic dis-
tance between ced-3 and unc-26 is about 0.3 map units (mu). Thus,
nP34 maps between ced-3 and unc-26, about 0.2 mu to the right of
ced-3. Similar experiments mapped nP35, defined by the 5.1 kb restric-

tion fragment containing a Bristol-specific Tc1 element, to about 0.2

mu to the right of ced-3. Southern blots of the Unc-30 non-Ced-3 and

Ced-3 non-Unc-30 inbred strains described above were used to map

nP36 and nP37 (data not shown). nP36 mapped very close to or to

the left of unc-30, since 2 of 2 Unc-30 non-Ced-3 recombinants showed
the Bristol pattern on Southern blots, and 2 of 2 Ced-3 non-Unc-30
recombinants showed the Bergerac pattern. Similarly, nP37 mapped
very close to or to the left of unc-30 since 4 of the 4 Ced-3 non-Unc-30

recombinants showed the Bergerac pattern on Southern blots, and 6

of 6 Unc-30 non-Ced-3 recombinants showed the Bristol pattern.

Isolation of ced-3 cDNAs

To isolate ced-3 cDNA clones, the insert of pJ40 was used as a probe

to screen a cDNA library from the wild-type strain N2 (Kim and Horvitz,
1990). Seven cDNA clones were isolated, of which four were 3.5kb
in length (e.g., pJ85) and three were 2.5 kb in length (e.g., pJ87). One
cDNA clone of each size class was subcloned and analyzed further.
Two experiments showed that pJ85 contained DNA derived from @
ced-3 transcript fused to DNA derived from an unrelated transcript
first, on a Northern blot containing N2 RNA, the pJ85 insert hybridized
to two transcripts, one of which did not hybridize to the pJ40 insert
second, on a Southern blot containing N2 DNA, the pJ85 insert hybrid-
ized to one band in addition to those to which pJ40 hybridized (dat
not shown). Plasmid pJ87 contained a 2.5 kb cDNA clone and was
determined to contain the complete coding region for ced-3 (see text):
The 5 end of pJ87 contains 25 bp of poly(A/T) sequence (data ﬂ?‘
shown), which is probably a cloning artifact since it is not present it
the genomic sequence. The cDNA subclone pJ118 was generated by
digesting pJ87 with EcoRlI and ligating the resulting 2.2 kb fragmem
to the pBluescript SK li(+) vector (Stratagene, La Jolla, California):

Construction of a ced-3 Frameshift Mutation

The Sall site in pJ40 is located at position 5850 of the g
quence (Figures 1B and 4A). The construct PSA was obtainedb
cleaving pJ40 with Sall and filling in the staggered termini with !
Klenow enzyme. By determining the sequence of PSA, we con
that it contained the sequence GTCGATCGAC instead of GTCGA
at the Sall site and so had a frameshift mutation that should result
the premature termination of protein synthesis at a UGA codo”

position 6335.

enomic 5
firm

Germline Transformation
Our procedure for microinjection and germline transformation basi-

cally followed that of Fire (1986) with modifications by J. Sulston (per-
sonal communication). Cosmid DNA was CsCl gradient purified twice.
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