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Summary

We have cloned the G, elegans cell death gene ced-3.
A ced-J Iranscripl is most abundant during embryo-
genesls, Ihe stage during which mast pragrammed cell
deatha sccur, The predicted CED-3 pratein shows sim-
ilarity to human and murine inledeukin-1f-conmeing
enzyme and to the product of the mouse nadd-Z gand,
which s expressed In the embryonic brain. The se-
quences of 12 ¢cod-3 mutalions as well as the se-
quences of ced-d genes from two related nemalode
specles idenlify sites of potential functicnal impaor-
tance. We propose ihal the CED-3 protein acls as a
cysteine protease in the initiation of programmed cell
death in G, elegans and that cysteine proteases also
functlon in programmed eell death In mammals,

Introduction

Call daxh aceurs as a normal aspect of animal dewvel-
ppment &% well as in tizsue homeoslasis and aging
[Glucksmann, 1950; Ellls ot al., 1991a). Mawrally g
curring or programmed cell daath can act o regulale cell
numbi, [ lacilitabe marphoganesis, 1o mmoee harmiul
of alharwise abnenmal cells, and 1o aliminae cells thal
have already performed their funclions. [n many c&ses,
gene expréssion within dying cells is ihowght o be re-
guired Tar ihese calls 1o die, since the cell daalh procass
ean b Blocked by Inhibitors of RNA and pratain synthesis
(Sanisic et al., 1978; Cohen and Duke, 1984, Martin at
al., 18488).

Dwring the devedapmant of he nematade Caenorhab-
ditis elegans, 131 cells underge prograrmmed cell death
(Sulslan and Horeitz, 1977 Sulstan e al., 1983). Faurtaan
ganes have been kanlified that function in dilferenl s1eps
of the ganelic pathway of programmed cell death in C.
elagans [Hedgecock &t al., 1983 Ellis and Horvitz, 1885,
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1881 ; Ellis-e1al., 1991b; Hengartnar at al., 1992; rediewid
by Elli= 4 al., 1991a). Twood thase gones, ced-2 and cea-4,
play es=ential relas in eilher tha indialion or execubion o
thie call daaih program, since recassive mulalions in hase
genes prevent almast all of the cell deaths thad narmally
aceur during C. elegans development. Genetic mossic
analygigindicates that gag3 and cod-4 most likely lunclsan
wilhin calla that dia or within thair closa relitives 1o causs
cell death (Yuan and Horvitz, 15980}, The sad-4d gane en-
codes a novel prolein that is expressed primarily dunng
ambryagenasis, the period during which mast pro-
grammad cell daaths ooour [(Yuan and Hondlz. 1882).

To understand how the ced-J qene acts 0o causa call
daalh, we hawe clonad this genea. As deduced from tha
seguance of a eed3 cOMA clone, the CED-3 prolein is
E03 aming acids in knglh and containg & seriea-rich mid-
dig ragipn of abaul 100 amino &cida. Wa compared the
sequancas af tha CED-3 pralein ol . HlBgiI.ﬂE- wiih tha
infarred CED-3 protsin sequsnces (e the ralated nama-
tode species O, briggsae and G. vulgaris. This comparison
revealed that the carboxy-iermingl porions of these pro-
lains am mosl conserved. The non-serinerich porions
of the GED-3 prolein are similar o human intarlewkin-1f
{IL1[\-converting enzyme (ICE), a cystaine proteasa that
can chave the mactive 31 kd precurserod LT[ 1o generale
thar metive cytakina {Carredli at al., 1992; Thornberny el al.,
1552), In addition, the carboxy-terminal porions of bath
the CED-3 and ICE proteins are similar o the mouse
Muadd-2 pratemn, which ks ancoded by a messangar RMA
(mAMA)} axprassad during mouse embryanic brain dewvel-
opimien and |z cown-raguiated in sdult brain (Kumar el
al., 1983). We swpgast that CED-3 acts as a cysiaing prate-
asaiin canlrolling the onsat of pregrammed cell death in C.
elegang and that mambers of the sed-WICE Redt-2 gens
family mighi Tuncilon in programmed coll death in vene.
bralas.

Aeaults:

ced-3 |s Hot Essential for Viability

All previgusly dascribed ced.d alleles were |solated in
scraans designod 1o dabest viable mutanls in which pro-
grammue:d cell dealh did nat eecur (Ellig and Homaz. 1586},
Zuch scrapns might Syslematcally have missed classos
of cedh-3 mukaticns thal pesull in inviabllity. Sincs animals
af the: genetype ced-Moeieiency ara viable (Ellis and Hor-
witz, 19B8), we designed & screan ihed would allow us 1o
isplate recessive [ethal alleles of cagd, if such allales
could exist (sea Expatimental Proceduras), We obtained
o new cegt3 allalag (R TES, n? 164, 0T 165, and n)206)
im this way. All our ot these mutants are viable a5 hamazy-
gabes. These alleles ware isplated at a frequancy of abow
1 in 2600 mutagenized haplold gensmes, approximalaly
fhe frequency expacied for tha generation of logs.al
{unction mufations in an average C. elegans gene (Bren-
nar, 1974; Maneely and Herman, 1579, Gresnwald and
Hopreilz, 19840),
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Figura 1. Qanatic and Physizal Mape of the ced-2 Awglon of Chromo:
somin '

) Alignment al the genstic and physical mape mthe cec3 sglon
AFI3, NP3, NFEE, AFE, ang AF1F ard FIFILD g baegian e Brishol M2
&~ Bargerac EMIER wikkype O elegans stirans, The thres cosmid
charia CH3CS, WOTHE, fnd GaBD1 wind I0eed far ther abiies to
Frascing e Divd preiractypn of cecb 5wl 17} animals, The akikty of sach
cosmid clone oo resoue cid-d mutanis and thi fegction of indepen-
dentty oivisinad tansgenic bnes (hal wars resossd e indicaled on
the righL. Symbals: plus, RECUR; MINLE, fo e, S0 el e daty
T resdlts indoaln thal cod-3 & conlied in cosmid CAa01,

B} A resirction map ol subdanes of coamin CSED1 . Babd lisds topm-
sem poamid velor sequences. Subolones wond asssped lor isscue
of Tho Gedd phonotypo of ood-3jw T {77 animals &s in (&), Symbole pho,
FEROURE] MINAE, R rescue; minusiplus, soank fescun fewar than e
GOFPSES 0N averafpol. Tha numbors in Do e ses il cene B e eon
ol independenty cbhained Smansgenio lines thaol wene escued, Tha
emaalbess | dragmenl that fully ioscuod the God-3 mutant phonotepe was
tho 7.5 kb pd T8 sobclores.

These ohsersations swpgest that animals that lack ced-3
pene activily ane viable, Supporting this h:||'|;u:,|1|'1|a|:5i5r wWe
have shawn by molecular analysis that three cedt3 mula-
lions afa nansanse moldlions 1ha Seam |Ikﬂ'|:||' o eliminate
ced-d aclivity (zea belaw). Based upon thesa considora-
Tiona, wa conclude thal cea-3 e e E:Cl'h'ﬂﬁl' i% mod essential
tor viability,

cgd-3 |8 Contalnad within & 7.5 kb

Genomic Fragment

Taclore tha o3 gane, we used the aparoach ol Auvkun
at i, (1536} In briad (lor furiher datads soe Experimenial
Proceduras), wa identifiad & 5.1 kb EcoRl reatriciion lrag-

miznd that canlaingd Tot (Emmaons at sl., 1933), that was
presant in the G, elegans Brisiod strain M2 bt not in the
C. elegans Bergerac sirain EM 1002, and that was closely
hinked Lo cedt-3. We namid this resiriclion fragmant langih
palyrmarphizm (AFLP) MR35, Using Tel 1 proba Southern
Hots of cosmids derived frarm N2 genomic DN A and knowmn
to contain Tel (G, Ruvkun, parsonal communication), we
idendifad twa cosmids MMM.C1 and MMM-CH) 1hal con-
tainad ihis 5.1 Eb EcaRl fragrenl. Thass cosmids avar-
lappad an exisling cosmid contig that had been defined
as part of tha C. alegans genarme project [Coulson ot al,,
1686, 1988: A, J. Coubsan at al., pedeanal cormdmieticition),
We used coamica framinie cantig to idemify fur addtional
Brristol-Bargarac AFLPS [(nA33, nP34, nP35, and RPan.
By mapping thasa AFLPE betwaen the Bristol and Ber-
garae strains wilh respect 1o he genes unc-30, cod-3, and
w26, we griented the contig with raapect to the genstic
migp. These cxperimants narrowed the region comaig
ihe cad:3 gene o aninterval spanned by the hree cosmids
CAaDi, WOTHE, and C4309 (Figure 14),

These three cosmids wone microingacied (Fire, 1986;
J. Bulsion, personal communication} into ced-3 mutanl
animals bolest for rescus of the mulant phenctype. Specifi-
cally, a candidae eosmid and cosmid C14G10, which con-
g the wikk-lype une-3T gense (R, Hoskins, persanal
coftemunication), were comjected into cea-TiE T P51 wnc-
Jifes2d) ced-dn i ) hermaghrodies, and non-Linc prog-
any ware izalalad and absarved o soe whethar the non-
Uni: phanotype was transmited o the next generation,
thus asiaslishing & line ol iransgenic animals. Youndg first
larval stage (L1} progeny ol such lransgenic lings wang
examingd for ihe prasance of cell daaihs using Naomarski
oplics 1o sae whether ihe Ged-3 phenolype was rescusd,
Cosmid C14G10 alone does nal conler wild-ype ced.d
aclivity when inacled into & eed 3 mulan (dats ral
shoam), cag-) was used 1o faciale ecodng of the Ced-3
phanciype (see Exparimental Frocedures), and omne-37
was usad a5 a marker or cotranstommation (R, Hoskins,
personal communication; Kim and Horeltz, 1890).

A5 indicated In Figure 1A, of the ihres cosmids fesied,
cnly C4807 rescucd the Ced-3 mutant phenotype. Twa
nan=Unc iransganic lines wera oblained, the insarion lina
a1 and the extrachromosomal Bna nEx2. Both ware res-
cusl. Specilically, L1 cod-T animals containad an average
of 23 cell corpsesin the head, and L1 opd 17 cadt3 animals
contanad an average of 0.3 ool corpsas in the head (Ellis
and Heeitz, 1808). By contras!, L1 ced-?; wne-37 cod-3;
ffef and L1 cad-1; inc-37 ced2; nExd pnimals contasmead
anaverage ol 16.4{n = 20) and 14.5{n = 20} call corpees
in the head, respactively. Fram thasa resulls. we con-
cluded that C4801 containg the cad-3 gena,

To looete cod-3 more precisely within cosmid 4801,
wa subclomnad thes coamid and lested the subclones for
thair abiiies o rascusa the Cad-3 mutant phenalypea (Fig-
urg 1B} From these axperimianis, we localized cod-d to
i DHA fragment of 7.5 kb (pJ7.5]

cod-3 Is Transcribed Primarily during
Embryegenesis and Indapandently

of cadd Function

W used the 7.4 kb p107 subclone ol C4BD1 (Figure 18)
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Figure 2. cod-d ANA |3 Exprisissd » Embrms

A Morthen Blod ol polg{AT FRA Fram mpd stages, embryos, L1=-L4
larvoo, and younsg aduts, Erodd with 1ha ced-3 o084 subclono pJ118
(sae Cxperimenisl Progedyeas), pJ0118 did not dalectably iyondos b
FAHA dorived fram gio-T0231) aduks fwhich lack a germing; Ausin

and Kimbls, 18T (et nol Shw), Sgoeating Thet 1he eed-d BRA
deteciod m e yoursg aduls in s eepatimoen was dervod bom e

by wittun theps animala, Tho hvel ol ANA in each lene can be
ortimmratend bk upon hyhiridization 1o 2 contiod actn | probe [Kouss
sl Hirsl, 10684)

o prabe & Monheo Hot of poby(a)' BHA darivad rom tha
wild-lype C. alagans sirain N2, This probe hybridized 10
a 2.8 kb lranscaipt {data not shown; also see Figune 2).
Althaugh thia transcripl was present in 11 differenl slbyl
methanasulfonate (EMS)induced cod-d mutanl straing
{data nol shown; the mutant n? 764 was ot 1esied), saubse-
quanl analysis reveatad that all 11 mutants canlain mwa-
1ions in the genames DMA thal encodas this mNA (see
balow), thus esmblishing this AMA as a ced-2 transcrigh.
The cad-3 transcript was most abundam during ambryo-
ganesis, whan mast programmed cell deaths ooour {Suls-
tan mnd Horeitz, 1977; Sulsion at al., 18E63), and was akso
defectad ol lnjer slages (Figume 2).

Since ced:d and ead-4 are both regeired for pro-
grammed cell death inC. elegans and since bath are highly
ey prigsed during emboganic devalopment (Ywan and Har-
vitz, 1992; sea above], itks poealble thad one of thasa ganes
regulates lhe mbA levals of the othar, Previous sludies
showed that ced-T daes nat regulate cod4 mRNA levels
(Wuan and Haredlz, 18920 To delerming whithaer cod-d
regulates cad-FmRNA levels, we probed a Nonhem Blotol
AMA prepared from cad—4 muiani embopos with (he sed-3
cDMA subelona pd1 18, Tha abundance and sire of cad-3
rranseripl vare normal in ha codsd mutants r7 762 (glula-
riving 10 ochre nonsense matidion o cadon 40), nf416(Tc4
insartian inlo exan 5), p T894 (inyplaphan 10 apal nonsansa
mudalion al codan 401), and 71920 (3 1o A mutation in
ihe Intran 3 sphae donar sie) (Figure 3A). Mona of tha
coed-d midants tested has delectable cod-4 RRA (Figura
38; Yuan and Horvilz, 19%2). Thus, ced-d does Nof saam
1o aliect the siaady-stale levels ol cad-3 mAMNA,
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Figure 3. cod-3 ANA 15 Expressad in ced-f biatanta

Meorihon biols of fotal ANA Inom wiid-type smbngs. snd ced-md 162),
cag-&in 14 16), cad-dim ! B94), and coot-4in TRA0 embrpn. Probed wih
e Could cOMA subolons pJ118 (see Experimental Precaduis] (8]
or ihe ood proise SK2- 1 and acaninal wis 1 geaba (Kmuka and Hirsh,
1284} [B]. Urlabeingd bands Ay and (B comespond o risesomal ANA
bands. [B] is reprinied from Yuan and Mol |15,

ced-d cONA and Genomlic Sequentces
To isolate ced- cOMNA clones, we used (he ced-3 genomic
DA clone pl40 [sea Figura 18}, which rescuad the Ced-3
mutant phanotype, whan micrainjectad inlo ced-3 mutant
animals, as a probe 10 screen a cMA lorary prepared
from the C. elegans wild-type siraln M2 [Kim snd Homitz,
1950), The 2.5 kb cDHA clone pJBET was isolaled i this
wity. On Morihern blats, pJET hybeldized to a 2.8 kb tran-
=cripl, and on Southern bleds, it hybridized cnly 1o bands
towhich pld0 alss hybedizad (data not shawn), Thus, pJar
wasdarived fram an mRMNA ranscribed entirety from pldd.
Ter canfinm 1hat pJaT comasponds 1o a ced-3 cOMA clond,
we made a framashift mutation in the unique Sall sile of
pldd, which comasponds bo the unique Sl sie in ihe
pJBT cOMA clone and disrupls the pulative ced-2 ogen
reading frame (see Expermental Procadures; soo also
Figura 44}, Constructs confaining this frameshifl mulation
failed to rascua the Ced:3 phenatyps when micrainjeciad
into cad-3 mutant animals (Sik iransgenic Bnes wede exam-
inad; data nat shown), suggesting ihat ced-3 activity wes
aliminated by mutating the putalive cad-3 open ragding
frame.

Wi e rmiingd 1hie DA sequance aof BT (Figure 4),
pJET comlaing an insert of 2482 bp that can encade &
pratein of 503 amino atids. pJET contging 853 bp of 3
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Figure 4. cod-3Eonnme Drossiranodn, Muck-
ohide Sequenc, & Deduced Aming Aod S«a-
LTLT Y

[A] The gonomio sequenon of e ceck-3 region,
a= cbtained rom plasmid plI07, which res-
cusd tho Ced-3 mutant phenohvpe. The de
duced aming acd secuence of Tho SE0-3 pro-
lmin 15 denved from the DA sequence ol the
pech2 oA dlone BT and Irom olhor aapa-
monts dozcrbed inthe fest and n Expanman:
1al Procadures, The lkely stat sks of tansia.
lirn i mirkod wilh & cioeed amowheas Tha &
end ol pulf¥ is indicaled by an open armowhead.
Thir L1 splics accaplor ste of 1he cootd fan-
sripl i beeed, The Sall gie is represenied by
i Erpckol, Thi posstions ol 12 cack3 mulotions
arg ckcated Apjpaliive slemets sre indi-
£l 8 ST Dne U rola v S U s,
Mumilsiis o e el Sicate nuzlaatids poi-
1ions, bagining with the ean of pAIoT, Hum.
B Dedos tha aming acd segposnce indhzata
@Ting acd poskions.

{E) Comparson of repeSive ehemenis in oeg-3
with repedtive elomants in 1ha genes fam.1,
AT, =12, and in- 1 e Thae cosmids BO3DG
2nd ZHEA3 (500 tout for refarencas). nhacass
of irrenrted repeats, sach am of & mepan Tor
ior ro lor fonward or reverse, respoctividy) was
oompared with bodh ds parines 2 with indavid:
wl ams of tho ofer mpeals. CUShkS DpFD-
e gapa N the saquance foallzsy optimal alge-
mal, ooopd 0 IhD CONSNSUS SeqUonco. in
which dazhes mdcabe roncenbcal ressduss.

undranginied sequeence, nel Al of which is essential Tor
cad-T function, Since genamic cansiructs tha luck the list
A0 bp of the Famoest regan (pd107 and ils darivalives;
s Figura 18) rescued tha Ced.3 mutam phanalypa, Thi
PJET cOMNA sloné ands with & palylA) sequence (data nol
shown), suggesting that ihe 3’ end of pJa7 corespands
1o he exireme 37 end of the ced-2 transcrigl. The 5' end
ol plB7 does not contain tans-spliced seguances (Bak-
1agh &1 al.. 1968, Huang and Hirsh, 19859) and theralons
might of maght nod include the 5'end of the ced-F lranscripl

To datermana the 5" end of tha ced-3 franscripl, we par-
formed primer extension asparimanls [Figura 5). Two
primars contaming sequancas saperated by 177 bp inihe

genomic DMA sequence (sea balow) and by 123 bp in
the cOMA sequance wera used for the primer axiension
reactions: Pael, starting at pasition 23046 of the ganomic
sequance, and Pax, starting at pesiion 2482 of tha gano-
mic sequence. The Pexe reaction vielged tao major prog-
wils af 202 nt and £09 0, whereas the Pex! meachan gave
ane product af 180 nt. Tha 160 nt prodect of the Paxi
reaction coffasponds 10 the 283 nl product af the Pax?
reaction, since thags prodects differ in size by 123 0t
Producis ol theze lenglhs are conssiend wilh the presence
af a ced-3 iranseripl thal is trans-spliced o a 32 bp G.
alegans saliced lagdar [Bekiesh et al,, 1988) & a consen-
sus splice accepior gite at position 2166 of the genamic
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Figun 5. A Primibr Exipnaian Esxpavieant 10 Dalareing tha ool
Tianagripton Iniliatan Jie

Saa tant for deteils. Lanas 1-4, ONA sequancing seacton peoducts
ceing prisruer Pae 1 and pJdl g8 The temdlale, Lanis 50, saequanging
fpetion products using the primes Pas? and puoal as the eeplala.
Lare 0, primee axlierion ec|ion pradusts camg prosar Poxl and
B2 itad FRLA, e ramplana. Lana 10, primar s ansion eaction products

Losiny) et il P and MR botal ANA & tnmglale, Bapas ol 1hi preser
GxlanEion prodasis ane indicatsd o the right of lana 10.

sequanca. Thae larger Pex2 praduct might be a resull o
priming by the Pax2 primer trgm an mAMA athar than the
cagd-3 mRANA or might idenlity a second ced-F ranscript.
We lailed to amplity & ced-3 franscript using primers lo-
catad betwean positions 1 and 2166 of tha genomic se-
quanca (see Figure 44) and primees lecatad in the cOMA
{dala nat shown), indicating that il an albarnale ced-3 ran-
seript exlsts, It s not entiraty encoded oy DMA within 1he
minimal rascuing fragmend,

If a Irans-spliced crg-3 mANA axisls, i should be possi-
bla iousa the polymerase chain reaction te ampliy acod-3
produst from todal G, alegans ANA using primers specific
tor spliced leader sequences and cea-3 cDNA saquancas,
W theredorg prapared cdDNA from latal C. alegans RHA
using reverse ranscriplase and amplified the cDNAS ug-
ing the primers 5L1 (which cantaing the 511 sphced leader
saquence; Bektosh of al, 1988) and log-& (which slarls
al pasitipn 2897 of the ganomic soquence). The producis
of 1his reaction were reampliied using the primers 501
and oligo 1 {which slans at position 2344 of the genomic
sequanca), & product of the sxpected length { - 200 bp)

Takda 1, Seguances of el Hululiv.'..n!

Sutslilution
Wil Ty Mulani or Splice Sis
Alaka Saqueiicn Sfagnci Chang
nriz T e A I geasCAA Exon 7 aciaplor
n7ia G4 AGA CB5A
N1 GTG TTE LT
niig GoA ara Adany
niigs

niigs TCO TIC BABAF
nIiss CAG TAG D Ddarmb ¢
nizeg TGS TGA W2 Bopal
RRETH] CAR Ths Qa1 Pochig
n24m GAS ALG EqBIK
n2430 GGT GIT NABRY
n243 GEE AGE E35605

Aming ocid posans corospond B T numibsring in Figum 4A.

wits cloned info the PCR100D vector (Invitrogen, San
Diega, Califarnia), and its soquence was detarmined (data
naf shown), This sequence confirmad thal &l leasl some
cedd Iranscripls am mans-spliced o the C. elegans
spliced leador 5L 01 a consensus splce accepior ot posk-
tion 21686 of the genomic sequence, Similar exparimanis
uzing aprimer centaining the SL2 spliced lnadar sequancea
(Huang and Hirzh, 1689) failed to idantify an SL2 frans-
spliced MANA. Since (ke primer @adension axperiments
idenlitied a major ced-3 mANA ihal probably is trans.
spliced, it seems lkely thal a large preparlian of ced-d
mRNA iz SL1 frans-spliced. Based upon these obserda-
ticns, wie propasa hat ihe tranalatianel start eodon of ead-3
Is the firgl in-frame ATG dewnslream of the S5L1 splice
acceplor site ab posilion 2232 of e gEnamic Seouance
and that ihe CED-3 proiein is 303 aming acids in langh
[=ea Figura 44).

To deline the slructurs af Lhe ced-3 gane, we debermined
tha ganomic sequanca of the cad-3 gane koo 1he plasmid
pJ 107 Tha inseet in pJ 107 is TEEI by inlengih (see Figure
4A). Comparison of the cedd genomic and cDMA de-
quencas revealed that the ced-3 gane has seven inlrons
thal range in slze fram 54 bp to 11835 bp. The fowr largest
imrons, as wall g8 saguancas 5' of the siar codon [ses
baelow), comain repatitiva edamants, some of which have
bman praviously identified in roncoding regions of ether
. elegans ganes, such as fem-7 (Spenca at al., 1950),
#n-12 (Yochem and Greemeald, 1885; J. Yocham and 1.
Greenwald, persenal communication], gie-1 (Yocham and
Greenwald, 1989, and k-1 (Krause & al,, 1990), as wall
as in thir cosmids ZKE43 and BO303 [Sulston e al.. 1992
isee Figure 4B). Genomic sequence anatysis of a cad-3
homolog from the related nematode . briggsas (J, Y. and
5. L., unpublished daia) revealad 1hal these repeats ara
nal present in this nemiode specias, suggesting that the
repeats oo not hawe a role in reguiating coo-3 expression.
s pos=ihla thal such repeals reprasant acbee or mactive
transposatde slemanis,

The predicied CED-3 protein is hydrophilic (256 of 503
residues ana changed or palar) and does not contan any
chwigus polential fransmambrane domains. Cna reglon of
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Figurs & Inines-Ensn Struztuea ol the cod-3 Bene

Inlror-gxan grudhsn [reprasamied by Bnes and bouos, respactively]
ol the el gana A @odilena o 12 cogid motatans. Tie rans-
Eiend SL1 ladad, tha saring-rich region, the mulalions, and the pae
mumes Dandalionsl Sl Soe (ATG], lnrminsicn aes {TAK}, and
potyadanhmiion il [AAL) are indcalpd.

thg CED-3 prodein is rich in sarines: from aming acid 107
g amine acid 205, 32 ¢ 99 amino &oids are serinas,

We determinedine gaquancasaf 12 EMS-induced cad-3
rmutations {s=e Figure 44; Tagle 1), Eight am missense
riutations, thres afa nonsense mEdalions, and one aliers
a consanmad G al the prasumgtive splice accepior site o
intnan &.

Ta wdentity lunctienally imposiant regions of the CED-3
prodain, we clonad and determinad tho genomic se.
quences of the ced-3 ganes frgm the related nemalods
specias G, briggsae and G. vulgaris, Sequence compi-
sans showed that amiano acids correspandng o resadues
1-205 ¢f the C. elegans CED-3 protein ane less consenaad
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among the three permabides (B8% idemical) than are
aming acids comaaponding b residues 206-503 of the G,
elegans CED-3 prolein [84% idantical) (see Figure TA)
All pight EMS-induced missenss mulgllons in cad-3 (5ee
abawa) altared resldues that are consarsed amaong the
three species (see Figure TA]. Interastingty, six of these
eight mulalions allar residuas within the last 100 aming
acids althe proiein, and nona aHects tha sarine-rich ragion
[zea Figure 4A; Figura §). Thasa rasults suggest thad the
carbomyl fegion |5 impomant for ced-3 function and that the
sarima-fich regiom might be unimporian or that different
residuas within It might be functionadly redundant,

CED-3 Protain Is Simitar io the Mammalian ICE

and Medd-2 Profeins

& sparch af 1he GonBank, PIA, and SWISSFRODT dara
bases roveakd that the non-Senng=nch regaons ol tha
CEDLE prodein &g similar 1o ihe heman and msine ICES
(Figure TA} ICE is a cyslaine pralease [hal cleaves ihe
inagtive 31 kd precursor of IL-1p between Asp-116 and
Ala-117, raleasing a samoxy-tarminal 153 aming acid poly-
peptide known &a mature IL-1)5 (Kostura et al., 1988; Black
el al., 18B9). The CED-3 profeins lrom the three Caena-
rhabditis specias and the human KGE pratesn share 28%
amireacid idenbty. The mosat ghly consanvad region con-
sisfs af armno ackds 246-360 of the CED-3 prabein and

Figure 7. CED-) Protein

{4y Comparison al the CEDRD gralivd 56-
oo o . abigrsss, €. Deiggean, and C.
wulgaris wilh The humeh &5 moiss ES and
welhy hi riceszo Fgad-2 profain. Amind acids
arn numbared o ha fight ol Gach Secuanos.
Ciashos inda:ate gaps in e saquanse 1o allow
cpfmal slignmant. Raddues hal ane idantcal
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femn. Circles indcmis known ospariolo sal-
cleavage shes in human KGE. Resdues ingi-
caled in boddizce cormesponed o Lho highly
conseresd panlapeplics conlening lhe ackes
cysining i KGE.

(3 Comp v il sl al tha
GED-) pretsin and humbes ICE, Thy prosciod
prolpins mormeporsing 1o 1he ICE preannnma
ared CED-J Ao mapriaoniod, Thi St gd in
MZE and the predicied aciis 2ils i CED-3
indicatad by e ckaod ossdon. T four
hnimn cleavngs siles in ICE Sanking e peo-
ei=iid ICE subunits (4 which wid detaciod
i lgw guantities whan I0E wis  puiilied
[Thambpry ot ol 1952]. p20, &nd pI0 and
twett cormaresd presumplie clakvagn sites in
1 CED-3 prosgin arn indceniod with oolld lines
anel Einkosd weiht dizlied Enas. Frow alher polen.
e bk Sag Bk N thad CE D-3 pronein ana indl-
clad withs daihind linis. The positians of 1ha
ssparabe (D) residaes ol polonilal doxeago
siles ane indcated balow each diagmm. Tha
carooonyd tewminus of p24 has not boon oolon
mminad & s indcrled by a dotied amow.
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ameno gaids 166—287 of tha human ICE predein: 49 of 115
rasidues ara idantical (43% idantity). Cys-285 s thought
1o ba an assentidd companant of tha aclive Silo of ICE
(Thormbarry ot al., 19%3), The amina acid pentapeptica
CHALCAG contnming this mclee cysieine is the longast pep-
lide consarved among the murine and human ICE prateing
and the GED-2 profeing of Thir tgs nemsliodse Spocios,

Aciive hurnan ICE is eomposed of two subunils {p20
and pi0) thal appear o be pratealybcally cheaved fram a
single proenzyme by 1he malure entyme [Tharmbsarry el
al., 1992). Four clagvaga sites in the prognzyme have baen
defined. Only p20 and pl0 ase necessary for the in vitro
enzymalic aclrily of ICE, supgesting 1hal the three ad-
dilional fragmanls resulling lrom ICE eleawage are nol
required for IGE funclion. Two af these claavage sites (Gs-
partic aclc-sarine dipepdides at poaifons 103-104 and
297-298 of ICE] are consarved in CED-3 |positions 131-
132 and 371-372, respaclivaly) (Figura 7]

The carbosy-terminal partion of the CED-3 protein and
ihe 10 subunit of KGE ara similar fo 1he profein prodvct
ol the murine gene neda-2 (Fiqure TA), which is highby
axprassad during embryenic brain developmant and is
gown-regulaied in adult brain (Kurmar ot al., 1992, Thae
G, edegans CED-3 prodein and the Medd-2 pratein are 2784
ifantizal, as are the ICE and Medd-2 proteins (Figure 7&).
Ther Kodd2 progin apparently dods nal contain e
CHMCAG peplide found at ihe active sie of IGE (Figure TA).
Six of the eighl knten cea-3 missense mulalions (RF1E,
aT043, p7 120, nd 164, /2438, and 24533} alter ameno acuds
ihat ara idanlical among the thres namalode CEL-3 pro-
ielne and human ICE. For axample, tha mutation r2435
imroduces a giyeine bo sarine substiution at an absolutahy
consensad glycane near the putalive aclive sie cysieina
{gae Figure 4A; Figura TA)L Four mulalions (e 125,/ 163,
ATigd, and n2435) altar amena acigs ihai ara dantical
amang ihe namatade CED-3 proteans and the Medd:2 pro.
1ein (Figure TA).

Dlacuasion

The genas ced-d and cod-d are the anly genes known
1o ba requirad far pregrammed cell doaah @ occur in C.
elagans (Ellis and Horvitz, 1986). Cur genalic and malscu-
lar siudies of the ced-3 gena have revealed that Ihis gens
shiras a number of fedlures with ced-d: like coa-d [sea
Yuan and Horvitz, 1982), cod- is not requirad lor viability
and is expressed mastly during emboyogenasis, he 1ega
during which 113 af Lhe 131 pragrammed call deaihs occur
{Sulstan &t al., 1963). Furlhermore, just as cad-d gene
function ia not reguired for ced-4 gane expression (Yuan
and Hongiiz, 1882), cood-d gane funciion is not raquired
lor ced-3 gane expression. Thus, these fwo genes do not
Appaar Lo conlrol the onsat of programmed call daath by
aeting saquendizlly in adranscriptionil rguliory cascada,

The GED-4 proiein i novel in sequence, and 1hi anly
hind conceming its functicn is that bao regions of the pro-
lgin show soma similarity 1o the EF-hand maldl, which
bincds calciem (Y uan and Horvilz, 1992). For [his rezoon
wix have suggestaed that the CED-4 protain and hante pro-
grammied cell death in C. elegans maghl be regulated by

caltium. Haweves, no direct evidenss for this hypothssis
lhas yel been obtained. The CED-3 protein similary con-
fains & region thal oleds a clue aboul possibls funcllen:
4 resgion of 989 amino acids contains 32 serinas. Since
apnines are comman pheapharyation sites [Edeiman at
al., 1967, it Is possible that the CED-3 pratain and hence
programdmed call daglh i C. elegans are ragulaled by
phosphondation. Phosphorylslion has praviously baan
supggestad o functiocn i cell death (McConkey 1 al.,
189509, Althowgh the presise sequance of tha sarire-rich
ragion varies ameng the three Caenorhabditis species
sludied. tha relatively high number o serines is conserad
(32,37, and 33 in - olegans, &, briggsae, and C, vulgaris,
raspectively]. Mone of the mutations in ced-d affects the
saring-rich region. These cbseraabions e cansistent with
thi hypathasis that the presencs of Sednes (s mone im-
portant ihan the precise amino acid sequencs wilhin this
region.

Much rmara slriking than 1he présaned of 1ha Sennd-nch
mgion in the CED=3 pralain is ihe similarity amang ihe
nonssarine=rich regions of CED-3 and 1he human and mu-
ring HCEs. Human ICE was identilied as a subsirale-
specific prabease that cleaves the 31 kd pra-IL-1 [ babweon
Asp-116 and Ala-117 10 praduce 1he rmalene 17.5 kd IL-1[.
IL-1f is a cyloking imvalved in mediaking & wida range
al balogical responses, including inflarmmation, saplic
ehock, wound healing, hemaisoolesis, and tha growih af
certain leukamias (Mnarella, 1881; diGiovine and Outt,
1680). & specalic inhiblbar of ICE, the crmd gene praduct
of cowpo vires pravents the proteolytic activatan of IL-1[
(Ray & al.. 1992) ard inhibits 1he host inflammataery m-
sponse (Roy et al,. 1952), Gowpox virus carnying a deleied
A gena is wnable to suppress the inflammatory ma-
sponse of chick embryos, rasulting in a redwstan in the
number of vires-infecied cells and less damage e tha host
(Falumba ef o, 1985), Thase observations indicate 1he
importance of ICE in bringing about the inllammalory re=
SPNSE,

A region af 115 aming acids (residues 246-380 of CED-3)
shows the highesl idenlity (4306) between the C. ele-
gans CED-3 peatein and e human ICE protein. This re-
giam canlaims a conserved pemapspbde QACRG (posi-
tipng 356-180 of the GED-3 protain). which containg o
eyateing known 1o be essantial for 1GE unction. Speciic
rmadilication of this cysiema in human ICE rasults in a
camglala less of activily (Thombesry et al.. 1952). The
cad-3 mutation 2433 albars tha consarved giveing in this
perapaptide ard eliminates ced-3 functon, suggesting
that this glycing is impoand lor ceald activity and might
be an iMegral part of the actee sie of BCE. Six of the mher
savan identified codd messense mulalions also afect
highty consenmd rosiduns that are Eeely to be mpartant
for tha actions of bath CEQA and ICE. Intarastingly, the
mubalions o7 18 [ position 85 0 CED3) and n 100 | position
27 af CED-3) eliminale sod3 Tundtian in vivn yat alter con-
sarved residuaes lhal are nat canlained ineilher tha matena
pi0 or p20 subunils of ICE [Tharnberry el al_, 1982). 1L is
posgible thal these meidues hawe a noncelalylic rels in
bk CED-3 and ICE funciion, Tor examgle, in mainizining
a praper conformation lar protealytic sctivation. Tha hu-
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man |CE proanzyme (pdb) can be protealytically cleavad
an four Siles (Asp-103, Asp-119, Asp-297, and Asp-316 of
ICE} b génarite bwa paplides (p20 and pi0) necessany
{or in vitra activity {Thornbarmy e al., 1932) and three ather
paplidas with as yal undefined fencions. Al least iwo of
1hese cleavage sites are congarvad in CED-3, indicating
ihil the CED-3 protein might be processed as well.

The zimilarily betweaen the CED-3 and ICE prolging
elrangly suggests thal CED-3 luncliong &= & yaleing pio-
1ease in controlling programmed cedl death by pratealyti-
cally aclivating or inactivating a substrabe profesn of pro-
1eins. A polankal substrate for CED-3 mighl be the product
of the ceg-4 gene. The GED-4 protain containg six aspar-
iaba residuas that might be iargats of tha CED-3 prodein.
Four of thesa aspariates are followed by a sarine (45p-151,
Asp-184, Asp-192, and Asp-541), and two are followed by
an alaning (Asp-25 and Asp-459); of tha fowr ICE claavage
aitas in tha IGE prognzyma, tag ane aspartic acid-senng
and on is aspartic acid-alanine. Alternatively, the CEDG
protesn maght directly cause coll death by profmalytically
cleaving protaing that are grucial Tor ell viability,

The similarity betaean CED-2 and ICE defines a novel
prabein family. Tharnbemy et al_ {1932} suggesied tha the
sequanca GDSPGE at pasition 287 of ICE resemidas a
GHSICIXG molil Tound in seding and cysteing pratease
active sités. In the three nematode CED-D proleins, hiw-
awer, anly the frs glycine of thes dequencs = cansered,
and in reouge ICE the S/C is missing, suggesting that the
CED-anCE family shares litle saquance similariy with
Encwn prateasa tamilies.

The imilarity batween CED-3 and ICE suggasts nolanly
thit CED-3 might Iunclion &8 8 cystaing proteass bul ks
that ICE might function in programmed cell death in vere-
brales. Consistent wilh this hypoibesis, atter murine peri-
tonaal macrophages wane stimulated wilh lipopolysacchas
ride and inducad o undesga pregrammed coll death By
exposure b extracellular ATP, mature active IL-1[5 was
released inla the culbure suparmatant; by canlrast, when
cells ware injurad by scraping, IL-1jb was relaased axelu-
gively 4= tha Ingctive proanzyme [Hogoguist atal., 1981).
Thase resuls suggest that ICE maght Ba actavated upaen
Induction of pregrammed cell death. A rola for ICE in pro-
grammed call deaih nead nod be mediatad by IL-PE bul
rathar could ba mediated by anathar ICE subsirala. 1CE
transcripts have been datected in cells 1hat o nat maka
Il [Crrrati e al., 19%3), suggesiling thal other ICE sub-
stralas might sl axist. Algrnatively, mambers of tha
CEDHICE tamily other than IGE might funclion in werte-
brade programmed cell death.

The p1d subunilt of ICE and the carbosy-l=rminal pors
igns of the CED-3 prolain ang similar to the pratein an.
coded by (e muring sodd2 gane, which iz sxpressed
during early embryonic brain develapment (FKumear 1 al.,
1932). Since ihe Medd-2 protein apparently lacks the
QACRE aclive aita region and (saimilar to |CE. primardy in
tha region af tha pidaubunit of BEE. nead-2 might funiction
nicncalalytcaily to regulate an 1CE o IGE- ke pad subanit.
Interastimgly, three cea-3 missense mautalions aler rasi-
dugs consarved amang the Medd-2 and GED-3 protens
nedd-2 gane exprassion is high during embryonic brain

development (Kumar &1 al., 1992 when much pao-
grammed cell death occurs {Oppenheim, 1981). These
chserdations suggest that Nedd-2 might functon in pro-
grammied call death.

The C. alogiens gandy cod-8 protects cells irpem undengo-
ing programmeed cell death by girectly or indinecily antago:
nizing 1he aclivities of ced-3 and ced-$ [(Hengerdner of al,,
1992). Thevartabraie gena bol-2 acts funclignally simaarly
1o eod-f oeprgaprassion of bel? protecs o dalays the
ansel of apoptatic cell daxh in a variety of verebmabe cell
types &% well a5 in C. slegans (Vaux et al., 1968; Munez
o1 al., 1390 Garcia al al., 1992: Saniman of al., 1%92;
Srgssar el al., 1981; Vaux ai al., 1982 M. Hangmmer
&nd H. A. H.. unpublished data). Thus, it IGE or anather
CED-AACE 1amily member 5 mwalvad in verebabe pro-
grammed cell daglh, an intrigwing possibility is that bei-2
could act by madulaling ils sctwity. Furtharmore, sinca
b2 b5 a dominant oncogena (@earespression of boi-2 as
a result of chromosomal franslocation ococurs in 8544 of
follicular and 2084 of diffuse B call ymphomas; Fukuhara
o1 al,, 1979 Lavine at al., 1985; Yunis at al.. 1967, ICE
and ciher ced-AICE family members might be recassive
oncegenes: the elimination of such call gaath ganes could
prarvant normal cell death and promaole malignancy. jusl
a5 gwarpxpression of o2 does,

Exparimentsl Procsdunea

Genersl Meihods snd Sheming

The inchriquas used tor culuring C. slegans wefa a5 dascribed by
Elnpnner {1974 Al sTming won grown ol 2000, Thi widtype simins
wero . elogans varkety Buisiol sirain N2, Borgerac sirain EVIT002
(Emmans et al., 18983, C. orggsan, ond G, waigans (V. Ambros, pen:
sonal communicalion]. Gonolic nomercl st dollow s tho slandad ©.
clpgans symhem (Morstlz et L, 1575) The muimhons used hmae boan
descr bed by Brerver (1574] and by Hodgkin of 21 [1988) or wiorn
isclalod by us. These mutations are ksied beiow.

L% I; oo ped T3SE

LG IV o T00938), une-30a 1911 cont 317, e 16 nTO4, m!pas,
nP A mITA4, nPIRS nl2B8 nlBES, n2Eaf, nP430, n2433L oo
FMHO205).

L% & g0 {rd 17, niAs)

LG X ohn-Ryad F)

Ispdation ol Acdiicnsl Alleley of cachT

& nancomplomankalion scion was deaikgned b isolete new alakes ol
ecrddl, Becauss animals carying osckInr 7 n eans e a delchoncy
arm winhke |Elz and Hanalz, THEE), wi oxpeciod animals comang o
carglaly hss-al-lunctcn cedtJ allsle genesaisd by mulagenssis o b
vl i N 0 et BN T F) aren il Do s ibo ssaussisd myiabilty in
honaepgates, We used an et T mulsion = our seeeen, Doming
mulnlds @ aghbl cheg Py e hoemapheod Se-apogiic neumens
kngrwn s the HE NS 10 undergo progremmed cel dealh (Trenl o al,
TREE). The HENE 20 rgduind e resemal egcHning, aned oot T har-
maphiedites, mhich lech HSMNE, A agg-layiog dalectiem, The mgtact
phanotypa of ogh) is supprasdnd in g S0t opb? @min s uss
miilalons im ood 3 hkack programimed oall deaths, el 7 nBsil males
mog mulaganizod with EMS 120 mM for 4 ke Sagma, 51, Louis, Mis-
s and croesed Wil ced- ST T wie-29el0a) aphiinsarL dme
FoZ7)rarmaphradibes. Mosl cross progany hormaph red es wans ego-
lyying defecine hecauss ihey mone helorocygous jor oodd and
homosygous b egh). Rare oogdaying competent animak warg
picked as candidaies for carying new alelss of ceg-3. Four such
artmalewane igolalud Irom abaoul 13,000 heemaphodiio F | oross prog-
gy ol EMS-muisgenized animals, Thess animals could have camed
wilhar a dominan] syppressor of The eggHaying dedect ol egh) or a
ipGeseye mulaticn in ced-d. To distnguizh betwesn e two possibie-



Call
EGD

Tk, D03 [N b ol f o f wirid madid wilh @gh1 hamaphn-
diles, and the progany joedi; agh1) wans scomed for sujppeaion
ol the Egl phanarynd. I each 2o, allol sl pigany wiid og-kiyng
delectve, suggestng thal the mulilion was feoessive and lus lialy
I b 3 soat 3 alleka.

Cosmid Librarkes

Twor cosmid lioranes wens used exlensivaly in Ihis woik. A Saudsl
partial gigost ganomis Eerary of A000 oienas in the wesior pHIC?D wes
agitifrom (3, Beran(persenal communicalion) andwas used o solale
Iho cosmids MMM-CE and MMM-CO. A Bzl panial digast ganoimi:
borary of GO0 clomes i The vechor mIEIB (lsh-Horcwdcr: and Burke,
1281} was a g Iroem Al J. Coulson and J. Sulston (Collson ot al.,
1985 and wa s the mources of cosmecs JoB, C4801, and C2309 WITHE
B In tha vocior Lons] G.

Idangificalicn and Mapping of AFLPE

To plecs cod-Jan the physical map, we scught boidentrty Tol elsments
el ossly bk Do CachT ared specis 1o ther Lh Drsskad N2 or Begoas
EM(M2 piraing, We mated Drsiol cechT onc-20604-# males or Brishol
T Gt a0 milkiss with Beegoras kerraphrodies, W isclaloed
mpombinants ol phenotypes Ced-3 non-Unc-26, Unc-26 non-Ced-0,
Line-30 nan-Cead-3, and C8E-3 non-LUne-30 o the pregeny of the
cngJ nc-20 | Bl o glargeency and pno-00 cad-d (Bas ol e (Bar-
geae) animas, seepictivaly, In This wey, wo eslabizhed 15 ntee
lires conlpinng copios of chromgaome IV derrisgd From both the Beistol
arsd Bsegaian 65 Aim and reeembinan in the régon of saat],

ey probing DO, figm these siegna with the Tel ingert ol pleamid
POl |Emesons & al., 19839), we idamiliad & 51 ki Ecold Tel-
crnlnin g rasietin g et S ot Brislgl atin ond gy
linksd 13 &slF We namad g BFLP aPTE, a5 was loealized 10
it MMRM-G ang RIGR-CE, wefnih wistis pied B iderstily o Godmisd
canlig in tha ond-3 negson s teel b dalais).

Ta idaniity pddrenal RFLUPS In the cod-3 regon, ONAS Trem tho
rocombinan inbred Evislol and Bangerac slrains ware digasied with
WORO LS NESiriet o onaymes and prooed wiih differcnt cosmids 1o look
fior RFLPs batweoen thess sirans. /33 is a Hindlll FFLF delected by
ez “right™ ond ol casmid Je8, which is from thee Coulson and Eolsson
liomary. The raght end of JoB was made by digesling JCB wilh Ecoll
and soiligating. aF34 5 o Hindlll RFLF defeciod by e Teflt™ omed of
JoE The lolt ond ol JoB was made by digesting Jc8 wilh Eall and
sofllgating. AF3E and P37 anr Hindlll RFLPs doloohed [y e Cos-
mids TIOHS and BOGEE, respeschivedy.

Wo mappod tho RFLPS aF33, P34, nP3S, nFa6, and nPIT withi
resspect 1o Hhe geres pnc-30, cackF, and unc-2F. The lncabion ol unc-30
on tho physical mapwas dolomined by A Hoskins (povsonal commes
nicatan). Soulhem bals using ONA from the Ced-3 non-LUnc-26 and
Urez: 20 non-Cod-3 inieod moomiinant slrains doscrbod abowve wang
u=ed fo mag AP0, nP R, and nifTE (data not shows). Thres of Hoes
Wrec: 2166 mor- (-3 necombinants carizd ha Brestol AFLP @020, whils
2 of 2 Ced-J noreling-21 recombinanis showed e Bergerac patisn;
thug, A1 mape vy ckasg 16 or G B righ) of w26, For a4, 2
al F Codd ron-Une-24 socombinants and 2 ol 3 Unc-26 non-Ced-3
FRCHMD REers Bherwid the Blargecas panann; tha famaning Ling-as
nan=Cosd- rssambinan sfwed than Beislel paliam. Tho gonales dis-
1ancH Datwean codd Gl uno-38 e aboal 0.3 man unis ey Thoe,
N mape bebweer oekT and wnc-3F, absel 00F muo e Tl aghl of
-, Simiar aepesiTenry manped nPIS, dalined gt 5. 1 Kb resnie-
lian Iragreant conlaining & Brialkapees: Tel alsmeni, o about O F
mu 10 i dghn ol esold. Southern bloes al the Une-20 non-Ced-3 and
Cod-3 nan-LIng-30 mbeod Sehng descrbed Ahon wind ustd 0 map
NP aod NPT (dale e sl PR mapoed very close 1o of [
T b gl wrme=340, secn @ ol F Ds-30 men-Cand-3 riactmbinanbs S
tha Brizial pangm on Scuthara bkes, and 3 od 2 Cod-3 non-Unc-30
TR0 ks showed B Beneres paftem. Simiary, aF37 mepped
iy Chosd b or o T loh of uno-320 Since 4 ol the 4 Ced 3 non-Unc-30
ecnmarants showed e Borgeme patiom on Southern Digls, amd &
al & Lhre-30 mion-iZa:d-3 spcombinanis showod lhe Brisiol pattern.

Gepsrrediees Tra et Porenia lom

Owr procedurn tor micrainjection and garmiling transfomabon bas
caly fodbowed Lhal ol Fire | 1385) wilh modifications by J. Sed=fom [per-
sanal communicabon]. Cosmid ONA was Cell gradiont purfied byics.

MEntigrep DNA waa uzod whon cosed subclores wers ingoched, Min-
prap OMNA was prépansd fnam 1.5 mi ol @ ovenigghl bactaral cullure
Gfirat in fpsii g lh (Samieook of gl 1500 ONA was exiracied by
B alcalng i et as cleseri e by Senbeoak o1 al, [1803), ang
W [P vt AMARSD A (3790 fer 20 min] dnd T with proteinass
E [R50 dee 30 min], phés] esiristad and Pen chleroliom anrisied,
procipRang paies (s i 03 M andiam s2ala0n |pH 5.2] and Ban in
0.1 W potas sium acelass [pH 7.2, ard iescspandsd in § pl of injection
Eufar ne deacr e by Fird (1REEY. Tha DONS Gonsanlrlions wsod in
injaclions warne Detwesn 100 @gfml a%d 1 mgiml

Subdlonps ol CAHDT ween Qoesenind 22 lakoss C4800 whi 3
gested with BamHI and selligand t gt subckne C4801-28,
CABD1-43 was gRnGrmied Dy pRminl Sgasion of C4E00.26 win Salll,
a0 was gersrated by digestion of CIB01-43 wilh Apal and BamHI,
P07 was gerarzind by panisl digtation ol pJdd sith Bglll. pJ7.S pod
P72 were genemaled by Esclll daleton of pd107.

& Iransiormalbon edporiments used @ cods 1fe) P35k une-33adas)
EadIn T T} st The ceddd mutabion wins presenl oo lase sooding
ol h Cod-3 plhemolypo. Mulaiicns in codt) hiock tho angultmant o
corpes generled by progammed cell deatn, causing e mwnpses
Al gad cols o porsisl much langer than inlho wild typa (Hodgooook
el ml. 1S03L Thus, the pre=ance of & compss indicabes & cell thal has
ungargong prosgrammed cefl death. Tho Ced-3 pherctypo was sooned
tw counling the number of corpaes presant n S hesd of young LY
mamale, Cosmd G400 or plasmid subclones wons mixed with
G400 pwhich conlama the unc-27(4 ) gena| at a weight rebo of 21
o 11 I intraktn |ha chissue Pl 80 osc- T 1) banglermand winid
gFniain the coamid or plapmid baing (eeted. Llzually, 30-3) pnmals
Wt infesial inone sepaiimen, Nen-Use F1 geogany o injedsd ane
ks v inglabed 34 days lnler, Aboul one hall 10 one thing of the
v e pregery TEAReeviles e nen-Ling phenatype L e F2 genars-
T aned i B useid B0 patadlish i ling of Yanpganic aremaby, The
woung L1 progeny ol such non-Line anssenics wang cheehed for e
miaTioer ol dond colls preson in e henn g Nomeeski apics, g
sy iz by ENis &ned Hondlz [1086). Animals of the iransgéenic Ena
@isl ponsmited g non-Une phanatype o 1003 of ihal progey,
impdying thal ihe ced.3 and woo-37 ansgenes had integrated into tha
geroma. Mon Uno animals of the ransgonic ling nEx? transmited tha
ronliec phenolype bo 50% of their progeny, imokying that the ced.d
and o3 fransgones wone prosent on an Lotrachromosomal omay
thatl is maintained as an urslable Too duphcalion (Way and Chalfia,
1588|.

Haalatkon ol aéd-3 Dkl

T ey o= GOMA Sharvie, T ingsie] ol pul4d wia wsed aa a probe
70 BTG & eDMLA Ehrarg brom tha wili-ives siren K2 (Kams and Hemiz,
1990, Soven cDMNA Clorta wind Salalid, of wheh four mon 35 kb
in length [a.0., ABS) and thiss waie 2.5 Kb i ke 6., RETL D
cOfA cioni af anch size cleas wis aubdaned and analyead furthis,
Tl Expliments showod ™at pJBS conlainagd DNA daiived o 8
cod-d ransenipt fused o DMA darsded Inoem B unnsiningd sinnseipl:
firsl, on oo Morihesn Dol canlaising M2 ANA, e GJ85 inson Fybindized
Iz twd Imangcripds, ono of ‘wihich did nal Feebridzo o the gD Insert;
mecond, on s Souttern blol cordalning N2 DA, The pAS5 nser Fybid
iped Yo or band inaddrion 1o Ihoosm e which MO Fybndized [galo
ot shown) Plasmid nl07 conlaned a 2.5 kb cOMA clone and was
cipborningd o porfain the complalo coding regian for cog-3 (so0 bexil.
The= 8" end of p&T containe: 25 bp ol polyifT) sequerce (data nol
sherwen], which g probably o cloning arsfac =nco /5 nol presant in
the genomic sequence, The cDNA& wibclone n¥ 10 was generaled by
GgEling P wilh ool g ligonsg T medling 2.2 Ko hragmom
Iy e pillupasnipl SK K1) vector [Simatagens, La Jola, Caldornial

Goradnoction of & ced.3 Frameahlf Mutstion

Thee Zall s in ptdd i located oi position S850 of the ganomi: se-
guence (FQures 18 ond 203 The constuc PEA was obinimed by
cheaving pl4l with Sall and flling in tho Siaggerod tenmini with tha
Hlenaww anyme. By determindng tho saquente of PSA, wo canfimisd
lhal it contained the seguence GTCEATOEAC insiead of GTOSAC
ot th Sall ste and o kag a framashst muetabion thet should msott in
lhe premalure lerminalion of proten synthesls at a G codon a8
pastion G325



W Coll Dealh Protein Pespmies IL-15 Comarisn
BE

Dalarmination al the &ed-3 Transciglion Initiation Sike

Ty primars, Pzl |5 TCATCEACTTTTASATGAS TAGAGEANGATE:
) amd Paxd ﬁ'ﬂWMEmEEATﬂFMTmTﬂ.
wepr a0 for primer exiension expormonts, which were pociomed
i 3 gt rilvad by Trigmenbarng {1 891) with minor modficalicem. The prim-
g i aisad i nmpley ool FMA with the polymomso chaln mastan
wamg SL1 [S-STTTAATTACCCAAGTTTEAG-D) and logeh (5400G-
GTEACATTGEACACTC-3). Ampltcation was porformed usng ho
Ganadma kil Poikin-Elmor Cetus, Honwalk, Connectiot), The prod-
g wane meamplfiod using the primers S0 and obgetl (5-&CT-
ATTCAACACTTE-3). S el for addional delyls.

DA Sequence Aralysis
Fir DA spgqeeersing, Saral delations mone made accomding o the

precaduin ol Hanikef [1084). DMNA soquentes wene delemined usng
the Soqueazsn kit U. 5. Blochemical Corporaticn, Cioveland, O}
Al pronscol cbiained from The manulachines.

Tha CED-3 profein spquence was companed wilh protein sepsinces
i the GanBank, PIA, ond SWISSRA0T data basss al fe Bational Corr
inf bar Benechnology Irdcemation using tho BLAST natwork, Sardsn,

Cloning of cac T Gones from Giher Mermatode Species

The G, briggsae and . vuigarm cad-I genes wan ol bom come-
spcrding phago goocmis libranes (5, Link, pergonal sommunacation)
using lho ced-3 cOMA subcione i1 10 a8 probe undes s Sirgency
hyoridzaiion condBons (B SS0E |Sambaack o 5, 100D], 0% for-
mambde, 0023 Ficcll, 005 bowine serum albamin, 0 02 % el
pyrolidono, 1% sodium dodecy! sullete ar 4090 cwernighn) and
wished in 1 x S5PE and 0.5% sodium docecy] 3ullale fech 28 e
iomporabero and bwico o 4253 lor 20 min bk aach wakh.
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