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The Coencrhalrdiiss elegens cell-death pene ced-3 encodes a provein similar o oaomalian
intetleukin-1f-converlng enzyme [ICE], a cysteine protease implivated In manmalian apoprasis. We show
theat the full-length CED-3 prowin undergoes proteslytic activation w gencrate a CED-3 eysieine pootease and
that CED-3 protease activity s required for Killing cells by prograinaned cell death an O elegans, We
developed an easy and general method foe dee pucification of CED-3/1CE-like proteases and wsed whis methad
e Facilltate a eompatison of the substrae specificitics of four different parified cysteine protedses. We foond

tliat in dis substraee preferences CED-3 was mare similar to the mammalian CPP32 protease than o
manunalian [CE or MNEDDZE ICH-1 protease, Our resulis supggesi that dillesent mammalian CED-3/1CE-like
proteases may have distinet eoles in mammalian apopiosis and thay CPP3I2 is 5 candidane for being a

mammalian funceional equivalens of CED-3.
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Frogramumed coll death is & fundamenral cellular process
o che development and homeostasis ol both vertebrates
and invertebrates [Ellis cooal. 1991 Sceller 1995 The
misregulacion of cell death con lead o human disease
[for review, soe Thompson 1995), and the mechanisms
that initiate amd execue the cell depth program have
been the focus of intense stodies [for review, see Horvitz
et al. 1994, Oltvar and Korsmeyer 1994 Martin and
Careen 1WY5],

Caenetic analysis of the nematods Caencehaladiv ol
epans hag identified owo genes, cod-3 and ced-d, sequired
For programeed cell death an elis orgamesm (EHs and
Horvitz 1984). 1 ced-3 and ced-4 mutant ammals, cclls
that pogmmally wodergs programmed cell death inseead
survive. ced-4 encodes 4 prodcin with a novel seguence
| ¥uan and Horviez 1992 ceed-3 encades @ protean sinni L
to miamnealian anterlenkin-1g (IL-1Elconverting co-
zyme [MCE) (Yuwan eo al. 1993, ICE is a highly specitic
cysreine proteiase thar cleaves che 31 -kD IL- 1B precursor
at vwo aspartic acid residues to prodoee the 17.5-kD ma-
rure cyrokine (Cerretrl ec al, 1991, Thomberry en al,
1992]. Active ICE comprises a hegerodimer of o 10:kD
{pI0) and a 20-kD (p20] subunit, boch of which derive by
prnl;{'nh,'ﬂs from a 45-kD ICE PINCTHZYTILE |'|'|'|-::-'m|1c~rr:,r et
al, 1452, Linlies of the cr:.-'.'\.t.'l.l structure ol IUE sugpest
thar it may exist o5 a |p1OSp20, tetramer (Walker e al,
1994, Wilsom er al. 1994, The sequence similarity be-

vween [CE and CED-3 suggeseed char CED-3 may act as
a provease o cause programmed cell death in © elepans
(Yuan er al, 1993),

Fecently,  six additional  mammalian  procins
[NETRIEACH-T, CPPAESY amad apopain, TRACH-ICE, ),
TCE, B0, MOCH-2, ad MOCH-3| have been idencitied with
sepueney similarities to both CED-3 and 1CE |Fernandes-
Alnemri ot al. 1994, 19953 b; Kumar et al. 1994, Wang et
al. 1984, Fauchew et al. 1995; Eamens et al. [9495%; Mun-
day et al, 1995, Micholson et al, 1995, Tewan et al,
19950 Chwverexpression of any of these prateing in mam-
mialvan cells ean untiane apopaotie ccll death, suggesting
that these proteins have fusctional simlacties g CED-
3. Furthesmore, the baculovirus pds protein, which -
hibkits the activites of the CED-3CE family of pro-
peascs (Hump et all 1995; Ko amnd Hooviez 19495], blocks
prognsimed cell deatl in diverse species (Cleis e al.
1991, Bamiva et al. 1993, Rabizadeh et al. 1993; Hay o1
al. 1994, Supimoce cr al. 1904, These observations sug-
gest that members of the CEDR3CE eysteine protease
family may be involved in killing cells by progrommed
cell death in many different species,

Becanse different CED-3/1CE-like mammalian cys
[CLNE PINLCAscs are cnexpressed in many tissues and cell
types |Fermandes- Alnemrs et al. 1994, 19952, b, Ewmar et
al 19%0L; Woang o al, 19494, Faouches et al, 19495, Munday
et al, 1995, Nicholson et al, 199%; Tewari er al, 1995),
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these proveases may overlap in cheir functions andfor
regulate each ocher's activigies, The ohservation tha
ICE-deficient mice are gprossly normal and shos defeces
only in Fas-medinted thymuocyte apoptaosis (Li et al, 1995;
Buida er al, 1995] sugeests cither tlaat there ane redun-
dant cell<beach pathwenys in o mammals or thar ICE plays
litele or no role in apoposis in vivo, Two reocnt 1eports
spppest chnt che biwman PP Yamalapopan protcin
[which we will refer to as CPP3Y) s diccedy involved in
mammalian apoptosis |[Micholsen et al. 1995; Tewari oo
al. 19957, In these studies CEPAL was shown oo be a cys
peine protease that can cleave the 113-kD poly(ALH-r-
busseh podymerase |[PARDP] w generave an 89-k0 fragosent
[Micholson et al. 1995, Tewari ot al. 1995]. Such cleavage
af PARD pecurs concomitamly with the anset of apop-
tomas (Baulmann ev al, 1993; Lazebnik <0 al. 1994) In
addition, a potent pepride aldehyde inhibitor of che
CrPA2 prodease  (Aceryl-AspeGluVal-fsp o CHOD pree
vented w vitre-reconstnued apoptotic events, whereas a
potent peptide aldelyde inhibicor of the ICE protease
[acety]-Tye-Wal-Ala-Asp-CHO failed oo so [Micholson
et al. 1995], These ohservations suggest bug dn not eseab-
lash thae CPPA2 functions directly in mammalian apop-
x5,

To assess the moles of mammalian CED-3/1CE like
proteascs in apopiosis as well as the possible regulatory
interagticns amaong these proteases, we mtiated a buo-
chemical charpcterization of the CED-3 1CE, MEDLDAS
ICH:1 [which we will refer o a3 10H-1, hecause we sowd-
icd the human clone), and CFPA2 proteins and comparcd
the hinchiemical progreriies ol the CEL-3 proRCies with
those of the 1CE, ICH-1, aind CPF32 PIOLCascs,

Results
CED-3 15 @ ovsteing prodedss

To determine whether the full-lengeh CEDD-3 protein is
protcoletically actevaced inoa manmner similar oo ICE (M-
limcanx et al. 19931, we tageed the CED-S protein with
the FLAG ectapeptide (DYKDDODE, single-amineg acid
code; Hopp ot al. 1988] ac its carhoxy] serminugs and ex-
pressed thas tapged proTen under the control of ehe 17
promoews in Escherichia coli. Western blot analysis of
bacterial Ivsates using the M2 monoclonal antbody o
recngmize the FLAG peptide detected throe proecin prod-
ucts of 52, 15, and 13 kD (Fag LA all of which are
smaller than the full-length S6-kD CED-3-FLAL protein
(i 1A Y e al, 1993 All three proweins were CED-
A-FLAG-specific, as they wene not scen i [vaaces of bac-
terta carrvang only the expression vecror pET-3a0 All
three profems were also abscot i lysates ol beciernia ex-
pressing o muotated CED-3-FLAG protein in which che
presumptive active-site cysteine was replaced by a serine
{3585, Yoan et al. 1993); instcad, a 56-kIY protein was
detected, These results suppest that the 56-kIY full-
length CED-3-FLAG protein underwent a CED-F-depen-
dent proteolysis in £ ool to penerace throe overlapping
carboxv-terminal cleavage prodwcts of 32, 15, amd 13 kDD,

To determine whether the CED-3-FLAL protein pro-
duced and processed in B ool could ace as a protease in
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vitro, we wcubauad [PSmethionine-labeled full-length
CED-3 protcin svothesized in vito wsing rabbit reticu-
Loeyte lysaces with bacterial lysates exprassing the CED
A-FLAG protein, Muoltiple cleavage profucts were pen-
craved [Fig 181 In conirast, lysates from bacteria ghat
had expressed mucone CED-3C3585-FLAG protemn had
nee such accivity, Like the oysteing prosense pctivities of
ICE and CI'PAY, CEIYA protease activity was inhihited
by the cysteine-alkylating reagent wsboacetic acud bat
nest by the cvsteing protease inhibitor 8- 8-[L-3-trems-
carmoxitane-2-carbonyl|-leve vl |-apmatine |E-&4) or by the
serine and cysteine protease inhihitor - L-chloro-3-[4-to-
svlamido)- 7 aminoe-2-heptanone [TLCK] (Fig. 18; Thoomn-
hl:rr:.' wt al. [, Micholion et al. 1995) Orher proLedse
inhihitors, - l-chloro-3-4-tosylamidn-3-phenyl-2-bu-
tanome | TPCR), phonvlmeshylsulfooy] Buerede (PMSF],
lenpepting aprotann, and pepstatin (Thomberey o al,
1992, Macholson ceal. 1995 also fanled e inhibic CED-3
protease activity |data no shown.

These observations strongly suggest that CED-3 a5 a
cysbizine protease sioslar e 1CE,

i wive cell-rilling activitles of wmarent CED-3
prroterns corredade watl tliedr in vitio protegse aodivities

Cr finding: that the CET-3CE585) muetant protein lacks
procease acoivity combinel with our finding thae this
mutant protein Buls to cause programied cell death an
viver |50 Shalam and H R, Hoovatz, an prep.] suppons the
hypotlesis that CER-3 provease acrivity 15 cascntial lor
the ability of CEIM3 o cavse programmed cell death. To
explore this hypothesis further, we determined both the
extents of the proteolyveic processing in bacteria and the
in vitro protease activitics of the CED-3 proteins derived
from theee addetienal mucant ced-3 alleles: n2427-
-:l;_:-!l,'-'-:ll_-!_:-__ s T2 AT, and nA2 3R G0N (Yuan e al.
1931, We found thar animals homezygous for hese
cod-3 alleles have reduced, very low, and possibly no
ced-3 activiey i vive, respectively, as assayed [Hengart-
ner e al, 1993 by counting the mumber of extra or “un-
dead” cells in ohe ongerior pharyans of muotant wamals
|wi|;h AN average iif 1.2, 8.7, and 124 extra -:.'|:||'.-i._l respee-
tively]. We cxpressed these theee mutang CED-3 proteing
as will as the wild-type CED-3 and CED-3[CASES] pro-
teings i £ cofi. These thoee muotane CED-3 proteins
appeared o be differenually defeenve in prowcolyic
processing e Bocolt and i protease activicy in vitro:
CED-HA7A1) was alenost complerely processed, CED-
ALV was partially processed, and CED-3G3605]
was ot processed |Fig. 24,400 Sinilarly, these three mu-
tant CED3 proteins showed protease activines close o
wild-type (CATHR], weak [A499Y), and pondeteciable
[Ce3ENS|, respectively [Fig. 2B Thus, in both assays, che
in vive cell-killing activitics of mucant CED-3 proteins
correlated with their in vitre protease activitics, These
resulis sugpest that CELD-3 protease activity 1s crucial for
its mole in programmed cell death in C eleygans.

Purifieationr of gedive CEIRTTOE eysterne proleases

We developed an casy and peperal method for purifying
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Figuee 1. CEIDSE 15 processed in & oofd o geneeate 4 ovsteing protease, (A Wisteen Blon analyers of the cleavage of CED-3 in £ cols

Hacrema contaimang cather expression vectar pET-3a alune (Vecoor, lane 1, pET-3a—CELR-FLAG Line 2 or pET-3a-CEL-HCISHS]-
FLAG (lane 70 were Jysed by sentcacion, and L pg ol proceins from the lvsates were seselved by elecorophoresss on a 15% 506
palvacevlamide gel, snsferied woa pivocellulise membrane, and dececeed wotl moese 82 monackanal anaboidy (Eastman Kodakl,
which mecupnizes the FLAG epitope. The diagram depacts the desdoeed ongins of the detecred protein bands as Jeecomined by
pricinsmqErnemg analvsis (see Fig A Solid boxes indicate FLAG tags, shaded boxes indicace the absolutely coserved pentapeptids
sequenee [IAUCRET asond the acoive-sice cysteine in members of the FTCEACEDS ovseine protezse fooily, Yentical areas indicare
progenlyvie cleavane sices. Proein sizes ane in|]_||_'.||;|_'|1_|;H'|]|1 vRLEo prrofeass e savs with wild-typs or mutang CELD-3 bagierial I-!l'h-ill"\- and
with proteass inhabacors. Cene macrelieer of | Slovcthicnioe: Jlabelal CECR3 precursar see Magemals and methods] was mcwhated for 8
Fig an APC with 4 e of Iysaces dzom bacieria ardnslarmied wieh the lolliweg :Lp.l-.-\.:-ll'-n woctins, [Lame T pE T b {Weg e, ”'“'ll:' 2l
pET-3a-CED-E-FLAG, (Laowe 3] pET-3a-CED-3 CASHSI-FLALL | Bipes =) pLT-Sa-CED-5-FLAG im the prosence af amdeacenic and |5
v, lane <), E-éa Y o, lame 50 amd TLOK (10F saea, Baose 6l The diagram depicts the deduced onging of the cleavage produces [see
Fig- & Verrical arrows indicate eleavape sates, The chandsd box amalicares the QEERG [!lL'I'II:.II.'-.'TltI.dL'. Privicin sizes are indcarel. The
CEN-3 precursar synthesizod i mabbnt rescoloeyie lvsates was no processed as v is an £, oodi or s eportal by Huganie eoal, [1596),

gssably becanse the level of CEDGY cxpression wis nat sufficient o amitiote probeolyiie proccssiing

CEMAACE tomily owsteine proteases rom bacieria us-
img cpitope tagging. Because actve ICE s likely o exist
as a taghtly assoeiated tetramer complex [Walker of al
Tk Wilson et al. 19940, we reasoned thar epitope-tag-
ping ome subunie of a CED-3/ICE-like protease would
allow us to purify the entire protease complex wich an
antibondy or affinity resin that hinds the epitope tag. We
tagged full-lepgeth CED-2, buman 1CH-L [BUCH-10, Jaw-
man CPFE32, and 2 cruncaced version of murioe ICE
[mICE] farmano acids |IE-402; Maolineaus o al, 19930 a
their carboxyl terming with either a FLAG egatope, a
G-histidine |,'u_'|;|'|_i_|].|_'r or both [see Matenals and metlods)
and expressed these tagged proteins o B codl vaing dae
pET-2a protein expression vector (Studier e al. 19901
When expressed am B cell, cach of the three mamma-
liam prosteins underwent proteolyc processiig sinnilar 1o
that of CEI-3 to penerate 4 cysicine proteise {data no
shown|. We parified all four protease activicices o appar:
ent homogeneity usang o combination of won-exchange
and affimey chuomatsgraphy (Fig, 3A; see Materials anad
maethods). We subjected the purified proteases weelectno-

phoresis vsing L3% polyaceylamide-500% gels and deter-
mined tlee wmno-termnal sequences of the major poly-
pepticles present g each protease preparation by -
croscyueneing analysis,

As shown in Figure 3, the 19.5- and 10-ED polypep-
pides presene in the puritisd mICE protease preparation
wiere pradlucts resuleing from eleavape of the twncated
ICE protein at Aspe 122 and Asp-314, These polypeptides
corcespoind e the p20 and pll subunits of hICE de
scribed by Thomberry ec al, (19920 The p0 subunit of
hICE has tour additional amino acids at s amino termi-
LA 35 & CONSEUETES of 1.'||.':|1.-:|||.;,|: it Al 14 I-_ami:n-.'l acid
125 im hICE, which 15 equivalent goamna acid 122 in
mlCE, is mor an Asp residue; Throobeory eval, 192920 The
kD mICE polypeptide had six addicional amino acids
(MOMNEEDY that extended from the aming terminus of
the 19.5-k13 polypeptide, a result of the failure of cleay-
ape at Asp-122 aind the inclusion of ghe Met residue used
to imitiate eranslation in E. coli (Fig. 3, Molinepuex et al.
195831, Chur pachied active mICE had similor subanit
composition |20 and 10-kD polvpeptides) and compara-
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Flgaee 2. The in vivo cell kalling sciivi- A CE

tes o CED) mutant proteins cosrelate ]
with theit in vitre pootease activities. {4 ] E
Cleavage of wild-type and mutane CELD-4 =
priweings in B coli. Bacwerial lysaces con- "

raining the expression vecoors imlicated b naK- .

low were usesd for Weseern hlor analyaas as
described in Fig, 1A, The amaoont of total 35H=
protein usel from cach Tysace @5 indicasad 20K
as Follows: [Lane F1pET-3a |1 pel (line 2|
pET-3a-CED-3-FLAG |1 pgl Uane 3) pET- 20 5K-
Ja-CED-3LaMRFFLAG (1 pgl; ||;||-c- A
pET-3a-CEL-AIVIFLAL (1 pgl; Llane
5| pET-3a-CEDA|CSAMIS-FLAD L1 gl
T ) pET-2a-CED-3[C 505 -FLAL (1.2

13K - 15K

pgl Because CED-3GISOSHFLAG and 12 34656 e o

CED-30CE5E5-FLAG Ivsates had much
higher vatal CED-1 prodein levels chan the C
atlyer lysates, less podal protebis was wsed for
the experiments sl in laoes 5 aoil o [F)
In witma pratease assaps with CEC-Y wald-
rype o muzand bactenal ysates. One ma-
crodiver of [M'S|methimane-laheled CED-3
precuEsnT protein was igthared wich adan-

i wilre profaase

CED-3 manataan Rone  GAFER GddEN  GOSIN ik L]

tecal amounts of CED-3 wild-oype or mu- Aty AR % : )
rant hactemal Ivsates used inoA ap SOOC Lar .

20 man. Two additionzl] sers of experiments I i conll i gy i+ - : .
with  independently  prepared  lysales i

yielded simuilor sesules. [ in viere amd i Auerage & o

vive activities of wildaype and mutam owtrn calls in 0 1.2 B.7 124 Hi

CED-3 proleiss, ACtivitios were senned as
stpong |+ 4 4 | emtermediate {4+ 4, b, or
¢ = o ponderectable [ - ). CED-A3585]
in wive eell-kalling oetivity was aesessed on

& of animals scceed a0 15 113

anderior pharyrc

L} hi&

thie Bagls of 1es ability vo cse cell death v mechanescpsory nearens o which i was expressed ecupically |5 Shaliim and HR
Horvitz, in prep.). Mumbers in the pwe botisor rows ndicare che average pwmbser al extea cells in the antenor phacens of mutant
animals and the number of animals scored, respectavely. The number of extra cells refleces the i vive cell-killing sctivity of 4 CED3

praeekin. [M.A] Mot applicable

hle protease activaty (sco below| o chose of active mICE
purificd by Molineaus et al. (1993) using a sprrilar tran
cated version of the ICE precursor but a daffeecne punis
cation scheme [ligand affinity chromatograply), How-
ever, we did not observe the 11-kIY polvpeptide, an al
tematively processed version of the 10-kLY polypeptide
resulting from eleavage at Asp-308, and Molineaws et al.
11993 ddisd ot observe the 195k polvpeptide. Varie
cions i cither the preparation of bactenal Lysates or in
the purtiication protocols may be responsible for these
differences in the purified proteases. The purified CFIAL
protease preparation contained 17- and 12-kD polypep-
tides e resuleed from cleavage of full-length CIPRA2
protein at Asp-28 and Asp-175. This purified human
CIra2 protease had identical subunin composition and
compatable protease activiey [sce below] e thaose of dc-
tive CPF32 protesse porficd fom 3 homan cell line us-
ing ligand affinity chromaregraphy [Micholsun croal.
L25]. These results conceming ICE and CPPA2 mdicave
that our  epitope-tag-mediaced  purification scheme,
which circemyents the need for designing protease-spe
cific ligands for alfinity purification, = an effccove
method For purilying CED-3SCE like protedscs.

e punificd CED-3 profease preparation comtained

[l GEMES & DEVELOFMERT

|'-|:.|5']_=¢_'|_1|:1|J|_'5 al L7, 15, and 13 ]r_l,:l. which resulred fl.'l:i'ITI
cleavage ol the full-length CED-3 protemn ar Aspe 2200,
Asp-d74, and Asp388 (Fig 361 Porilied human 1CH-D
previease preparation contained polypepides of 18, 13,
aed 12 kD, which sesulied froms eleavage of full-length
ICH-1 protein at Asp-152, Asp-316, and Asp-330 (Fig,
Bl These data sugeest thae active CED-3 apd 1C0H-1
proteases, like the ICE and CPP3L proteases, ane likely to
consist of herereclimene complexes: CED-3 [plafpl 7 or
pl5pL7]amd TCH-1 {p12/pl8 or pl3/pls]. Precursors of
all af these profeases were processed exclusively after
Asp residues and, in most cases, before a small anine
acid such as Gly, Ala, or Ser (Fig, 3C] These resules con-
firmed thar CEL-E and ICH-1 predeases, like 1CE and
CPPA2 profeases, are aspartate-specific cysteine pro-
reases [Hioward ot al. 19%9]; Thombersy et al. 1991,
Micholson et al. L8Rs)

CED-ANCE-Jike cysteing profeases have
Aifferent swdstrale speciiicities

W compared the suhstrate specificitics of the bour pue-
rifiedd proteases discussed above and of the ICE-like pro-
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tease activity |priCE| prescnt i concentrared extracis
from chicken DD ciells, which become committed v
apuptosis as a tesult of a block during 5 phose induced by
aphidocolin [Lazehnik ot al, 1994), Wi used as potencial
substrates the four full-length protease precumsors, the

a

Enbsizaic specificities ol CED-VEICE-like pantrases

Fizure 3. Subunic compasiziens of punfied CED
A, mICE, h1C1E-1, and RCPPS2 pristesses anid thear
procwrsor cleavage sices, A Salver-sezined gels of
purificd CEM-3, mlCE, hICH-1, amd hCTPPI2 o
tease preparations [=ee Motenals and medhods].
A Gl ng of cach parhed CED-Y, mICE, amld
RICH:- 1 protoases or MH ng of pursbicd RCPRER
prodsise was esolved om 1A% SDS-Pelyvacryl-
amide gels aral stammed wich MH MO SN0, S0
Tuarieny (Gonthieh amd Chavkae P2RT] MW S Poo-
tean molecular wesght stancdands [silver sian 510%.
"L sramlands, low EAnEE, Beiw-Baill. The size of
cach polypeptide is indicaged. () Diagram ol ehe
protease suhunis ard cheir elatsenships o ehe
proscase precursars. The size and che posaceen of
cach privietse subunee 15 depaceed undernearh che
prinease precursar. (D] Asparmane residue. Verrical
lines undemeath indicare pmoceolyiic cleavage
sites blentidsed by microsequencing anelveis znd
are numbered acconding v cher postcons inche
procease precursiors. The position of cach con-
served pentapepiide (OACRG] 15 numbered and
indicated by 2 =sdid box. Theee is a methisnane
cesidue inomediately precediog aming acd 11§ of
the trupcated mlCE precursos, whicls serves as
thie translation initiagion codon lor mICE expros-
annt v E gt (O] Tdentibied eleavage sites in b
Pinkease pedibrsngs | b arroaw st the Jnolfeere an-
deates the protenlyoe eleavage sites, The fesp nea-
idaes ar the cleavage =ates are unedeeslinad and
mmbered dceording w thedr positions in the poo
tease precursors, The amine acid sequences
apimd thie Asp resulues are shasen.

IL-LJ precursor protein [cleaved by ICE; Cereenm ei al
1992, Thomberry et al. 19920, baculovires p25 protein
(elenvisl by CEDMECE:like cysteing proteases; Bump ot
al. 19935, Xoe amd Floavics 1993), cowpox virus crmd prose
tein [an [CE inhibator and substrace, Ray et al, 19492,
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Komavaama et al. 1994], and PARF [eleaved by priCE and
CPP3Y; Kauimann et alo 1993; Lazebnik er al, 1994
Micholson ot al. 1995, Teward cv al. 1995],

we synthesized and laheled these prowein substrates in
vites with [**Shmethionine vsing rabbit revisulocyee Iy-
sares, ingubated the labeled substrates with che five pro-
rease activicies, ond assessed che eificiency of substrate
cleavage [Fig, 4; Table 1] Ouwr analysis sugpested thot che
five protease activities could be categorized into three
proups based on thewr subsware speciticities. The firse
group inchwdes CED-3, CPPAL, and priCE: All cleaved a
common set of substrates clficiently to penerate samilag

mmtbers and sizes ol cleavage products [CED-3 and
CIPPA2 precursors, baculovirus p3s proten, and PARDE,
Fig. 4 and Takle 1, Xue amd Horviez 1995]; and all failed
to cleave or cleaved very pooely another sct of substranes
[ICE precursor, the Asp-LLe cleavage site of the IL-1p
precursor protein, and criimA; Fig. dBEF; Table 1], The
srcond group consists unly af the ICE protease. 1CE ap-
peated e cleave every substrate we tested, although
cleavage wos ineflicient, with the cxception of crma
iFig. 4. Tahle 1L The thied group consists of che FCH-
protease. The ICH-1 protease appeared to cleave only the
ICH-1 precursor and the p35 pootein under che condi-

a B [ [i]
*CED-3 HICE(118-802) *IEH-1 \CPP3
2 =z B 7 - HBu R g — B3
¥§a¥ -Rdgiss -~—gediy - gedex

={:El3 ‘
v [ +-MEQ?
- -1k
< 1} . l . " T =3k
X - ‘ - 3HIK ’
= =i 8K e
1K - - -k
-4 8K
L B
| T

| -

Figure 4, Suhsrrare specificitivs of the purianl cyseeine preacases. Each |5 octhionine laheled substrate 1] was incubatad wirh a0
ae of o given purified protease or 1 pl of chicken 5/M exeract |[prlCE) at 30°C ncuharion nmes ane indicated as follows: [Lanes 7] 1
gl of CED-3 bubler; Uanes 23 1 plof CEDA proscase; (lanes 3] 1l of mowsse TCE protesse, (lanes d) D plof human 10H-1 protease; |lanes
5 1l s buman CPPID proscass; (lanes 6] 1l of chicken 5008 eatract [piCE]L [A | “sisehivnine-labeled Tull-lengeh CEDRS prosin
(1 bl The cleavage products were identified as described for Fig 1B (81 ["SMethienine-labeled mumnne 1CE( | E—HEL] precursar
progears |2 he). The 20- and 10-k1D bapds may correspomd o awe mICE protesse subunies (see Fig. 31 The band idicared by an open
arrawhead may be an alteroatively processed product. (G 15[t lionane: labeled full-lengsh human FCH-1 peowgin (1 hel. The 15, 13-,
and 12-k0 hands may coreespondd oo the theee identilicd BICH-1 protease subonis [soe Fig 3. The 35-K0 hand may he the amino-
rermanel cleavage product resulting from cleavage at Asp-3 16, (0] S Methionine- labeled full-length humsan P32 privein |1 he). The
17 arsd L2-kD bansds may correspond v own CPER? protease suhunits (g Fiz. S, The 200kD basd may be the aminoserminal cleavage
product resulting o cleavage st Asp-1 75, The M- amd 30-K10 hands may be the carsboy-terminal eleavage peoducs resulting from
cleavage at Asp9 aid Asp-2H, sespectively. The bad indicaced by an open arowhesd may be an aliematively processed produce. [E]
[*5| Methismine- labeled munne 1L 1@ precursor (2 hol, The 28-kT hand may be thie carboay-teentinal clesvage produce resulting from
cleavage at Asp-27, The 175k band may i the marure [L-LE, & cashoxy-terminal eleavage piaduct resulung from eleavage a1
Asp-116. |F1 [Ps[Methionine labeled cowpox vimns cemA pretein (1 hr). The Ak band 15 the anino-terminal cleavage product
resulting fom clevage ao Asp-3M. The 5-kLY carboxy-teeminal cleavage fragnicnt wis 01 seen here beczuse i lacks methionins
residues, 101 |25 Methiomine-labeled human PAREP procein {1 hrl. The B9 aed 24-K0 hands are the carbaxy- and amin-terminal
cleavape prodluces resulting froms cleavage at Aspe214, respecoively.
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Subsiaic sprsilicities ol CEN-HICE-like proteases

Table 1. Swebsinare specificities of dhe CECANCE il profeises

Substrore’
L1

Froteass CED3 mlICE hiCH-1 hiiPPiL Asp-27 Mep- 116 past crmé, TART
LEN-3 4 ki + + + ++ t+ + 4 - bl P
hrrEr + + + - okt + -+ ‘ — T P | I
priCE + 4 - - b4 i b4+ +i - &+ o}
miCE " - ki ' bt F 4 F A = 1] ]E
RICH-1* £+ = T ' 11011
Srrarease activaty was scored a5 swmong |+ -+, =95% lobeled subsmrane cleaved’, intermediate (4 1, 60N—25%, Leheled subscrane

cleaved] weak | v, 2% —60%, laheled substrate cleavad|, poor i +0 -, 1% -20% labelod substrate cleaved], asd underectahle | —, < 10%
laheled substsane cleaved], The extent ol the cleasage ol the labeled substmne was measurad by Phosphorimagimg analysis, The data
|"2|"-'!"L'I:||.L'IJ for cach subscrate weme l_'l_l|:|||;|i|l_'|]. frongn ag leass vwo secs af I:I1IIA:'|'|I:'r..I|l.'I'II: experuncnts,. For hil |ﬁ|. ]'I-:I-'T'. crmA, and PARP,

cHivieney of eleavage ar specific cleavage sites conbd be seored
Pesilis dre Erom Xue and Horvitz [ 15995)

rybetsines labeled — were not cleaved by an caghaiiold hagher level of the BICH- L puatenss,

tions wie resoed (Fig 40, Table 1; Xwe and Horviiz 1995]
These differences in suhstrate preferences suggest that
these cvsteine proceascs may act on diffeTent targees in
VIV,

Dhiscussion

Ciir demonstracion that the CED-3 protein is o cysteine
protease and that CEIF3 cysteine profease activicy ape
pears to be regquired for CED-3 to canse programmoed cell
death in O clowans strongly suggests thar CED-3 fume-
LIONS in Vives a5 0 oysteine protcase, presumably by pro-
reolwrically activating a death-inducing protein or pro-
teins and/or by proteolytically inactivating a death-pre-
vEnCing protein of proteins. Our in vite assay for CED-3
functinn should provide an important approasch for e
anmalysis of the hochemical basis of programmed ecll
death, as effeers of the protein components defined by
the €. elegens generic pathway for programmed cell
death [for revicw, see Horvitz et al. 1994) can now be
examined Biocherically, For example, we can test
whether penes that act genetically upstream of or paral-
Tel wo ced-3 (such as cod-% and ced-4; Hengartner et al,
1992, Shaham and Horvitz 1998) encode procgins that
maodulate CEIY3 procease activiey and whether genes
that act g'l_'m_'r.i_l_';_l.l_l:,.' diwnstream of ced-3 [such as the ced
penes involved in the enguliment of cell compses, Ellis et
al. 1991} encode proteins thao are subsoates for the
CED-3 protease amd that hence may be tegulared by
CED-3, Because the cell-death pathway is comserved be-
pween nematedes and manumals [for review, see Hozvitz
et al, 1994], such studics should provide importane in-
sights concermag the mechanisms of programmed cell
disath not only in O elegens but also in other organisms,
including humans, Qur recent finding ehat the baculo-
virus pia protein inhibits progrommed cell deadh by in-
hibiting the CED-3 cysteine profeise 15 an tr[:]nl‘pl.i.' of
how such in vito stwdies of CED-3 can reveal mecha-

pasts that regulate programmed cell death (Koc and
Horvitz 19495], The linding that CED-3 has similar sub-
srpane specificities to those of human CPP32 prosass
anit chicken priCE suggests that the doewnstream tonget
penes of these proteases may well e conserved,

Our method for puridying CED-3/ICE-like cysteine
profeases using an cpitope tag showld be broadly helpiul
in studics of grogrammicd cell denth, This method,
whiel could allow the isnlatiom of any protein present in
a protein complex with the tagged protease subunir,
should be generally applicable for the purificaton of
cther members of the CEDR-ASCE family and therchy for
the studies of their hiochemiacal properties and possiblc
roles in programmed cell death. Thes method may also
e useiul for isolating proteing that associate with the
procease complex and hence may modulate the activides
of or act as substrates for such proteases [Bump et al.
194831,

Murtations in the ced- 3 pene seem v prevent all pro-
prammed cell Jdeaths in OO elegans [Ellis and Horvies
(944, and to date oo other member of the CED-3/1CE
Fammily lias been identificd in the worm, Thus, the CED-3
profese may mediace all programmed cell deaths that
pecur in this ammal. In contrast, mammals contain muol-
tiple mcmbers of the CED-3ACE family, each of which
apgrears able v initiawe apoprosis when overexpressed in
marmmalian cells (for review, see Moartin and Green
1995 Which of these proteases, if any, is the mammn-
Toan functionsl equivalent of CED-37 We believe that cthe
CPPAD prowease is an excellent candidaee, as CED-3 is
much more similar to CPPAL in its substeate prelerenees
tham it 15 w0 ICE or ICH-1, For example, CPP32, CED-3,
and priCE but nog ICE and LCH-1 [Figure 4G cleave
PARP efficient]y ( Uable 1; Macholson et al, 19%925; Tewari
er al, 1995 and PARP cleavage is an carly event that
ccours concomitantly with the onsct of apoptosis
(Kaufmann ct al. 1993; Lazebnik et al, 19924, In addition,
[CEL-3 i% 39% identical to CPPAZ but only 28% identical
tn either WCE or ICH-1 in amine acid  sequence
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[Fernandes-Alnemn et al. 1994; Kumar et al. 1994, Wang,
et al, 199, Tewart er al. 19984, Micholson et al. 1995]. In
particular, of the CED-A/ICE family cysteine proteases
identified to date, only CED-3 and CPPI2 ave adentical at
the positions most crigical i determimng substrace
specificity [amino acids equivalent to nesidues 347, 343,
and 34K in BICE; Walker e al, 1994, Wilson cral. 1904,
Macholson et al, 1995), Furthermore, studics using pep-
tide inhibitors and punfied CPPE32 and 1CE proteases
suggest thar apoprotic events that occur i an in vicro:
reconstituted  spstem involve a protease more like
CPPEY than like ICE {Micholson ot al. 1995), These ob
SCEVALions support the notion thae CPP32 s 4 fluncoonal
equivalent of CED-3 and, hence, is a prowease invilved
dircetly in che exceution of programmoed cell death in
mammals, However, CPP3E may not be the only CEE-
JICElike protease mvolved in programmed cell death
in mammnlz, For example, che newly identified MOH-2
and MOH-3 proteins are similar to CPP32E in thew pri-
mary sequences [46% aind 53% identitics, respectively)
anal, like CPPAL, are capable of cleaving PART {Forman-
des-Alnemri et al. 1995a,bL MCH-2 and MOH-3 also
may bhe good candidares for accing a5 cell-death proweases
in mammals,

Two possible reasons thar mulople CED-3/BCE-like
proteases cxist in mammals are cha different evswcine
proteascs may act o cause the deaths of differene cell
types of that the deaths of some cell types may involve a
cascade of such protenses, These possibilities are not
mutially exclusive, We have observed that whereas ICE
could process all four protease precursors wie studied,
albeit inefficiently, other proweases such as CPP32 and
ICH-1 did mor process the 1CE precursor protein, These
findings suggest that CPP32 and ICH-1 probably do mot
directly activare 1CE and raisc the possihility that each
mighs be activated by ICE. Tewarn cr al. [1995] demon-
strated that 1CE could activare CPFAT protease activiey
in witro, We suggest thar as a relagively imefficient and
nonspecific CED-3/1CE family member, ICE gl act
g% an imtiater o getivate more robuse aml specific pro-
penses, such as CPP3L, which then nuglt amplhiy ns
own activitics by cleaving other CPP3L precursor pro-
temns. U ICE acts in this lor any! way to mediate apopto-
sis, other ICE-like sctivities must cxist, a3 mice thar lack
ICE activity are mot grossly delective in apogiosis [Kuida
et al. 1995, Li et al. 1995).

The differences in substrate preferences among the
three ]}u[j_'l'j,:_'lj mammalian protcasc: we srdied |[ICE,
CPr32, and ICH-11 sugeest thar these three prodeases
may have different in vivo targets and thus may play
different roles in mediating cell death, We sugrest thae
similar biochemical studics of addicional CED-3/ICE
family members, swch as TX/ACH-IACE 1, MOTH-1,
MCH-3, and [CE,_ I [Faucheu et al. 1995, Fernandes-
Alpemri et al. 19%5a]; Kamens of al. 1995 Munday et
al. 1995}, will provide imponant information about the
Functions of these proreases in mammalin apoptosis,
Such studics combined wich the analyses of mice in
which single or multiple members of the CED-A/ICE
protease [amily have been inactivated by mutation
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should help reveal how CEDR-3ICE-like proveases act we
cxecute programmed cell deatl in mammals.

Materials and methaods

Wi Jolloascd seamdand malecaila hll.ll':l“:f |1I|'|I“|:|'I|.'II as descrbed
hy Sambroeiks o al, (19HY)

Crosstnechion of coastneeey for CEDS expression i hacrerra

Wip nsed che polymerase chain macton [PCR| we zmplity
the: dull-lengah CELR-3 coadang region wich pramess 5°CAGG-
CATCCATOATCOCTOAA-S and 570G TUCACGOEATCCT -
CTTOTCATOCTCATOCT TO TAG TCLACGLGOACAGTT-
TCG-3, using ||‘§.] M5 :F.||.|ﬁ|:|:|!| aml Horvarz l".l":'-lll:ll which con-
tains a full-length ced-0 ¢l NA, G5 a DMA remiplage. The Jatees
primecr contaims a sequence for the FLAG epitope (DYRD-
DKL whech s fusced 1o the carboxy rermines oz CEC-3 We
digested the anplificd produce with Farn 110 and closed che re-
sltang feagment into the pBluescripe K5+ ) vector Strasagene)
usinie its oMl siee. We synchesized sinple-stramided THSA
froun ehe resislnng plasmed, pEXE, and vscd ot o inereoes spe
cilic CEIR3 mutitoms accorling 1o the i vimmo muatageness
mctlond af Bunkel [L9R5) We constructed pET-3a-CED-3

FLAL aisd i0s msient derivarives by climang the Spel aivd Sl
fragrnant feom pLIAE and 10s mucane derivatives ioto the pET-3a
vectoy [Inviceegen) digesved previowsly with Ml aod EcoltV.

Preprrarran of haectenal [yseles expressing wiled-type
aF meeran CEDA prateing

The preparation ol bacterial lveies expressing CED-3 pooceins
Was 1,'\1.5-.;']|1i;||_|'!,' as slesg rilsed |:-'|. e et al Il."'.l':“: Braetly, we
il an :|v|_'1:|:|:||.| cusltwige of E, ool BLIWDIES] carmyme cigher
pET =% ar CELY b expacasom eonstmces 121010 S0 mlaf fresh LB
brath supplemented with 73 pgdml of ampicillin, We peew the
cell= at 370 40 an Ay of LA ard induced the expression ol
CEDY prowcin by sdding sopeopyl fooethiogalacopyranoside
JIFTGH e final concencracion ab L0 mea. We allowed ghe olls
fo ppow Bor v addivional 2 be o room emperadure aml then
collected them by cemrifugacion ar XR¥lg for 5 min, We resus
penelel tlie eelle in 1AAD valume of CEI-Y butter (50 mM Tris-
HOE a8 phE BEL 605 mes BELYTA, 05 mat sucmoss, 5% plyecml|
aupplenemied with procease inbihitors [Loms FYI5SE, 5 el af
apeeinim, 5 pgdml af pepstatio, anad 10 pgefml of lewpepin] We
Tysed rhe cells by somication aod sadimeated the debas by cen-
rrifagacion an LELOOM for 10 min. W usel the sesslting sipee-
nanane, which we reter 10 2 bacicnal lysages, for Western blor
analy=ses aml lar in vaens proteass assivs

Waestorn Blor arafyses

We subjectold backenial lpsatcs o electrophoresis usang 15%
SIS-PAGE, transferred the sepasated proteins e 2 nitrocelln-
lase membrane, and prohed this membrane with che moose M2
mormclinal antibedy [Eastman Kodakl, which recognizes che
FLAG cpitope, wing an FCL (Erhanced Chemiluminesoenaoe;
Tleoepse i 2l 19H ] Wisstein Blae ki fllowing che instructions
uf tlee msanudactiaree I."l.l.'lLr.'rih.-Iﬂl.L

T vl JROREiR cdhsibi's

Far it vitao paonease assays, we labeled CED-3 with ["5]nvethio
mue wsing, the THT-coupled  reticulocyt: lysare  ayatem
LPronnegal and plI%E as a DHA wmplate. We incubarcl 1 pd of



lhl_‘ Ir.||1-.|.|l.|,'||. :l,"ln,l.ll.-:u,"rll_' |j4|;nll.n.' with | |||. ol .'||'||'||1|1_'\l|'|.|1:"|:|: ili-
lived buererial Iysaces and 2 pl of CEIRA heifer or | el of CEEA
Fadfer and |l od a given inhabivar selueon. The preparanion at
chie imhikacors and the comcencraceens wsed were sssencially as
deseribed by BMickalson e al, (19950 We temminated che reac-
thins by mlding an equal velume of 805 gel loading budter and
resalyvied the reactions using 15% SDS-PAGE gels. The pels were
ifried and subjccted o anteradiography.

Cotsiaact i af cxpressian veorors for CER-Z/TCE fambly
members

Constrvcrssn ol pET Za-CEINA-FLAG- Hes], was essenteally
as described  abowve for pET-1-CED-3-FLAL, excepr tha
thie secomd premers was replaced by primer 550AAGL AT
LT AGTCL T T TGO TOETOC TTO TCAT O TCATC
CTTOTAGTORACGOCACACTTTOL-3 . We  conscoucted
PET - Sa-mICE NI E-a02)-FLAC by PCHR amplifscation o the
mICE coding region {amioe ocids 11027 using, primers 5%
CLACATATOAACAAARCAACATOCUAC-Y and 504 AL
COATCCTACT T TCATCO TCATCCT TO TAL TUATGT-
CUCGGAALALL-1, dagestion af the amplilsed producs wiih
Mdel amd Farr M1, and cloming of the resulting fragment anbs the
pLET-da vector digested provoesly with Mael amd BaeeHIL W
panstrected pET-3a-hCH-1-FLAG by PCR anuplification of the
full-lemgtls lowman [CH-T coding cogien swith primees 3-G0 A&
CATTACCOOGCTUACALCUELA-S akl 300 ATALATC-
TACTTOTCATOETCA T TG T AT T GG AL GG
LI LS ] |||ru,'_h.|i||||, i gl .|.|r|p|l|||'|t |IlIH|I.II'tl-| waath Malel
and W, el ol e sesulomg Tigmeat e ehe pET-da
viecton digeated previously wath #del and BaneHI

Prerificarian af cestne pracoses By eplape tegging

The prepazmion ot CER-A, ICE, KIH-1, and CPP3Y bacierial
Iysares was 25 desceibed abivr, except that 1 licer o cach bac-
rerial culwiee was grown. Te punby che actoee CED-G privcase,
we incuhared Wb ml of CEO-G-FLAG-|Hisl, hacrenal Tysaies
with | ml af Mi-BTA (Mi® ' -niemba-eri-acetic acud) rean [Qia-
fen] for 2 hrar 47 We washed che nesan with 15 hoed yolumees
at CEL-A budder supplemenced with 7.5 mm -mecaptocthansl,
CLel sy BaCCl, 25 mas ionidazede, and 0.08% NP-40 before eletiog
with four bed volunees of CED-3 bulfer supplensented witls 124
i imilazole. To pucily active mICE prdcase, we lisashed 10 ml
al mICE-FLALC hactersal bysates ante a & ml S1=Scphanme
(Phammiacial column ogquilebrated previoosly waeh CEL-S bulier
amid clated the protcins. wath a 30-md grandaent of 0005 s Madl
inn CEL-A buffer. Wie poalod Tractions cluweed begween 0008 and
15 M MaCl These fmctions containe] mast of the 1CE pro-
P activiny. We ineshaned che pocled imenions sworh 0.2 ml o
danta-FLAG T aflinay gel |Eastman Kolak) foe 3 he oo 090 We
warlicd alie resin waeh 15 Bed vislumes of GEERS huslie al.'l|!l|.'|||.'
wcisbed witl 06 st MalUl and (015 WNEP-210 hefore elurmng wath
CENEA buifer supplemented seich 2000 ppdml of FLAG peprdes,
T punify the RICH 1 prorease, we loaded 16 ml of hiGH-|

FLAL heorenal Dysates ance an §oml OQ-Sepharese (Pharmacia)
column equihibraced presiowsly with CED2 baber and gluned
the praceins with an 80-ml 0% w0 seep gradienc of MaCl o
CEDGG huler |Erom @ soro 05 s MaClL We poabed fractions
eleved ar 0.25, 030, and 0035 s BMNaCl These fraceoons concained
mest ol chie hICH-1 provease activity. We ancubated the pealed
fraceians with {02 mil of anti-FLAG M2 aftimiey gel for 2 hr at
3 Elacwn of RICH- 1-FLAG was done essentially as descrabaed
fur mICE-FLAG, The purification of CPEIL which was tageed
with six hastidine aming acids, was pedonoed essemiially as

described for CED-3-FLACG—|His),, W resolved te purnificd

Subsorne specificivies of CED-HICE-like proseass

pEliae pecpdiabioiss giang 1A% h11hPAGE Al stamed the
ols with the silver st plus ke (Bioeitad] followeeg the o
seruccEims i the manuiacoarer.

Il R TR P TR TH

Foer male moseizeicing, we meselvad -8 pg of the purificd CED-3,
mlCE, hICH-1, o WCPFR? prostcise propaslion using 153%
AL ESIRACAE, transierreml ||u,- ﬁ|:|x|qu1n| |HII'!,'|'\-I..1'||,i».|l,'=. & i1 pl_ll'!,".l:i-
avlslenediflionde [PVIF membrine, and stamed the mem-
brane with Coomassie bloe, We cut ot regeons of e mem-
brane contaning poalypepride hands of interesr and suhjecged
them trsix oyeles of progein miceesaquencing [Hunkapiller and
Hisol 197531,

Cenpasison of the celareete specifivites of tre CEDC30ICE

(ST PR R EETERE

W encased Taoin :I|.|5|I'I'IIII. pl15TK I};L||:-|,1-|_'r et al, 1WEH & Siel-
Hbal dragment thar contains & full-lengh boman PARE <1348
andl clemed rhis fragment inm the Sacl-X0al siees of pRIwcscrim
ESL =1 (Semamagenc)l We call the recolring plamid pRS A |-
hPARE. We excieed from plasmid pHST 200 (Gehrke e al, 190
a Fagl-BoemHI tragmene char contains 2 full-lengrh human (L- 1R
precurser cDRA and cloned this fragment ineo che Porl-HemHl
sites of phluescripe K5+ We call dhe resaliing plasmad
pk& 4 Fhprell-13. We used dhe fallowing DBA cemplares o
synthesize [YS|methicmine-labzled protein suhsirates using
TrT lysares as described aboves (1] CED-&-plaX2; 2] RICH-1
pET-S3a- hICEE-1-FLAG, (3) mICE |1 1E5-402] precursar-pET 4
] CE[ 1 18-4020-FLAC, [4] LCPPAX-pET-21b-WCPPA1-|Hisl,,
|3 BIL- 18 preeursor—phS] + Fhpaell-15; (6] comA- pDo L (Kue
arml Hisrvite 1951 and |7 I'ARI-pES| F-hPARP. We incu-
bages] | pl ol ghe tramslated seticulacyts lsate with 4 ng of a
piven purified poovesse and 2 pl af CEDR-3 buffer at MPC,
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