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Abstract 

Interleukin-lp converting enzyme is the first member of  a new class of cysteine proteases.  The most distinguish- 
ing feature of this family is a nearly absolute specificity for cleavage at aspartic  acid.  This enzyme has been the 
subject of intense research because of its role in the  production of IL-lp, a key mediator of inflammation. These 
studies have culminated in the design of potent  inhibitors and determination of its crystal structure.  The  struc- 
ture secures the relationship of the enzyme to CED-3, the product of a gene required for programmed cell death 
in Caenorhabditis elegans, suggesting that members of  this family function in  cell death in vertebrates. 
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Interleukin-1 (IL-1) is the general term for  2 proteins, IL-10 and 
IL-la,  that  are encoded by separate genes but bind to the same 
receptors with comparable  affinity  (Dinarello, 1991). IL-1 has 
long been considered an attractive target for therapeutic  inter- 
vention in chronic and acute  inflammation. Support  for this 
view has been provided by a naturally occurring receptor antag- 
onist  protein (IL-lra)  (Hannum et al., 1990) which is effective 
in  several  clinical models, including rheumatoid arthritis, inflam- 
matory bowel disease, and  graft vs. host disease (Dinarello & 
Thompson, 1991). However, efforts  to find low molecular 
weight receptor antagonists have proven difficult, prompting the 
search for alternative strategies. 

IL-la  and  IL-lp  are both synthesized in monocytes as 31-kDa 
precursors  (Auron et al., 1984; March et al., 1985), but only 
IL-lp requires proteolytic processing to produce  a biologically 
active form of the cytokine (Mosley et al., 1987). The  protease 
responsible for this cleavage, interleukin-lp converting enzyme 
(ICE, EC 3.4.22.36), was identified in 1989 (Black et al., 1989; 
Kostura et al., 1989). Upon its discovery, the enzyme immedi- 
ately presented itself as an  attractive  therapeutic  target for 2 
principal reasons. First, as a protease, it  was thought to be more 
amenable than  the receptor to discovery of a small molecule 
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therapeutic agent. Second, it  was shown to have a highly unusual 
substrate specificity,  cleaving after an aspartic acid  in pro-IL-10, 
suggesting that selective inhibitors could be developed. 

The enzyme has been purified,  cloned, and its structure de- 
termined by X-ray diffraction (Cerretti et al., 1992; Thornberry 
et al., 1992; Walker et al., 1994; Wilson et al., 1994). It is a cys- 
teine protease composed of 2  subunits of  10 and 20 kDa, both 
of which are derived from  a 45-kDa proenzyme. Potent and se- 
lective inhibitors have been developed that inhibit the produc- 
tion of IL-lp in monocytes (Thornberry et al., 1992). More 
recently, the enzyme has been shown to be the first identified 
member of a new cysteine protease family that includes the prod- 
uct  of the ced-3 gene,  known to be required for programmed cell 
death in Caenorhabditis elegans (Yuan et al., 1993). This  find- 
ing has led to a  flurry of research aimed at investigating the pu- 
tative role of ICE and its homologs in programmed cell death. 

Catalytic reaction 

Substrate specificity 

ICE catalyzes the cleavage of the inactive 31-kDa human pro- 
IL- lp   a t   A~p"~-Ala"~   to  generate the 17.5-kDa mature, bio- 
logically active cytokine (Black  et al., 1989; Kostura et al., 1989). 
The enzyme also cleaves the native  substrate a t   A~p~~-Gly**,  
although the physiological relevance of this catalytic event is not 
known because proteolysis at this upstream site is  clearly not re- 
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quired  for  generation  of  mature  IL-l/3  (Howard  et  al., 1991). 
Both cleavage  sites are  evolutionarily  conserved  in  mammalian 
species. The  only  other  macromolecular  substrate  that  has been 
identified is the  proenzyme  (Thornberry  et  al., 1992), although 
it is a poor  substrate (kcal/K,,, < 1 x lo4 M-l s-I ) relative to 
pro-IL-l/3 (kcuI/Km = 1.5 x lo5 M-I s- I  1. 

The  most  distinguishing  catalytic  feature  of  this  protease is 
its unusual  requirement  for  aspartic  acid in the PI position 
(Sleath  et al., 1990; Howard  et  al., 1991; Thornberry et al., 
1992). Substitution  of  this  residue with any  other  amino  acid in 
pro-IL-lb  and  peptide  substrates  leads  to >lOO-fold reduction 
in kcuI/K,,,. The only other  mammalian protease  described with 
a similar specificity is the T-cell serine protease  Granzyme B, al- 
though it is more permissive than  ICE  to  substitutions in PI  
(Odake et al., 1991; Poe et al., 1991). 

Regarding other  features required for catalytic  recognition by 
the  enzyme,  peptide  substrates  must  contain  at least  4 amino 
acids on  the N-terminal  side of  the cleavage site,  in that removal 
of  the P4 residue  results  in >lOO-fold reduction in kcu1/K,,, 
(Thornberry  et  al., 1992). In  contrast,  there d o  not  appear  to 
be  any  functionally  important  specificity  subsites  binding 
C-terminal residues, typical of other cysteine proteases. The best 
peptide substrate yet identified for  the  enzyme  contains methyl- 
amine in P,' (k,,/K,,, = 4 x lo5 "' s-'), indicating  that  an 
amino  acid is not even desirable  in  this  position  (Thornberry 
et al., 1992). Consequently,  peptides  with  the  general  structure 
Ac-Tyr-Val-Ala-Asp-X, where X is a photometric leaving group, 
are excellent substrates  for  the  enzyme  and  have been  used to  
develop continuous fluorometric (X = amino-4-methylcoumarin 
[Thornberry et al., 1992]), and  spectrophotometric  (X = p -  
nitroanilide  [Reiter, 1994; Thornberry, 1994]), assays. A con- 
tinuous  fluorometric  assay  has  also been developed  based  on 
resonance  energy transfer with the  substrate DABCYL-Tyr-Val- 
Ala-Asp-Ala-Pro-Val-EDANS (Pennington & Thornberry, 
1994). Further  details of the enzyme's substrate specificity are 
summarized in Figure 1. 

Cysteine protease mechanism 

ICE is not  only  unusual with regard  to  substrate specificity, but 
also  has a sequence and topology unlike members  of  known pro- 
tease  families (see below). Nonetheless,  based on its  chemical 
and  catalytic  properties,  the  enzyme  appears  to  be a typical 
cysteine protease.  First,  nonspecific  alkylating  agents,  such  as 
N-ethylmaleimide and  iodoacetate,  are competitive inactivators 
and  preferentially react  with a single  cysteine (CYS**~)  (Thorn- 
berry et al., 1992). Second,  this cysteine has  enhanced  nucleo- 
philicity  relative to  ordinary  thiols,  such  as  glutathione  (N.A. 
Thornberry,  unpubl. obs.). Finally, as described below, acyloxy- 
methylketones,  considered selective for cysteine proteases,  are 
potent  inactivators  that  covalently  modify  the  same cysteine 
(Thornberry  et  al., 1994). The  only  anomaly in the  inhibition 
pattern is with the irreversible  cysteine protease  inhibitor  E-64, 
which is inactive  against  ICE (Black et  al., 1989), presumably 
because  of the enzyme's unusual specificity relative to  other cys- 
teine  proteases. 

The  recently  published  crystal  structures  secure  the  relation- 
ship  of  ICE  to  known cysteine proteases (Walker et  al., 1994; 
Wilson et al., 1994). The  active site contains a catalytic  diad 
composed  of a  cysteine sulfhydryl  group in  close proximity  to 
a histidine imidazole  group, which is presumed to  function  as a 
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Fig. 1. Peptide substrate specificity. In peptide substrates, ICE has a 
stringent  requirement for a tetrapeptide on  the  N-terminal  side of the 
cleavage  site (Thornberry et al., 1992). The enzyme's substrate  specific- 
ity was further investigated  using a series  of peptides  containing  single 
amino acid substitutions in the  peptide Ac-Tyr-Val-Ala-Asp-Gly-Trp- 
NH2. The  results  indicate that Asp is required in P I ,  liberal substitu- 
tions  are  tolerated in P2, Val is preferred  in P3, and  hydrophobic  amino 
acids are favored in P4. The  finding that liberal substitutions are tol- 
erated in the P2 position  has been exploited in the design  of the affin- 
ity matrix  and affinity labels  described in the text. The  results  also 
confirm  the  finding that small hydrophobic amino acids are preferred 
in the P;  position  (Sleath et al., 1990; Howard et al., 1991),  although 
the  enzyme  clearly  tolerates  other  residues in macromolecular  substrates, 
as  exemplified by the broad  substitution  found in nature (e.g., Gly, Pro, 
Am). Not surprisingly, the optimal  sequence on the N-terminal  side of 
the  cleavage  site,  Ac-Tyr-Val-Ala-Asp,  closely matches the  correspond- 
ing sequence in human pro-IL-lp, Tyr"3-Val"4-Cys115-Asp1'6. This 
sequence  has  been  employed  in the development of peptide substrates 
and the potent, selective inhibitors described in this review.  Reprinted 
with permission  from Annals of The  New York Academy of Sciences 
(Miller et al., 1993b). 

general  acid-base in catalysis. In  analogy with other cysteine pro- 
teases,  the  enzyme  appears  to  stabilize  the  oxyanion  of  the  tet- 
rahedral  transition  state  through hydrogen bonding interactions. 

Selective reversible and irreversible inhibitors 

Two general  strategies, summarized in Figure  2,  have been  suc- 
cessfully employed  in  the  development  of cysteine protease in- 
hibitors  (for reviews, see Rich, 1986; Shaw, 1990). Peptide 
aldehydes  (VI), nitriles (VIII), and ketones (X) are reversible in- 
hibitors  that  undergo nucleophilic addition of the  catalytic cys- 
teine to  form  thiohemiacetals  (VII),  thioimidates  (IX),  and 
thiohemiketals  (XI), respectively. The  potency  of  these  com- 
pounds has been attributed  to  structural similarity between these 
thiol  adducts  and  the  tetrahedral (I1 and IV) and acyl-enzyme 
(111) intermediates formed  during  substrate hydrolysis. The second 
approach involves peptide  a-substituted  ketones of the  general 
structure R-CO-CH,-X (XII), where  X is a halogen  (halomethyl- 
ketone),  diazonium  ion  (diazomethylketone), or carboxylate 
(acyloxymethylketone) leaving group.  These  inhibitors irrevers- 
ibly inactivate cysteine proteases  through  expulsion  of  the leav- 
ing group (X-) to  form a thiomethylketone (XIV) with the active 
site cysteine. Although  the  details  of  the  chemical  mechanism 
have  not been established,  inactivation is presumed  to  proceed 
through  formation  of a thiohemiketal  as  shown  (XIII). 

Both strategies  have  been applied to  the  development of ICE 
inhibitors  with  remarkable success. The  most  potent  and selec- 
tive  inhibitors  contain  the  tetrapeptide  sequence, Ac-Tyr-Val- 
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Fig. 2. Strategies used in the development of cysteine protease inhibitors. 

Ala-Asp, consistent  with the  substrate specificity of the enzyme. 
These  inhibitors  are  described in detail  below,  and  their kinetic 
parameters  are  summarized in Figure 3 .  Although  the  peptide 
nature of these compounds limits their utility for therapeutic ap- 
plications,  they  have  proven  to be valuable  tools  for  studies of 
catalytic  mechanism,  structure,  and cell biology. 

Reversible inhibitors 

The  most  potent reversible inhibitor  developed  for  ICE  to  date 
is the  tetrapeptide  aldehyde,  Ac-Tyr-Val-Ala-Asp-CHO (1) 
(Chapman, 1992; Thornberry et  al., 1992). This  competitive in- 
hibitor  displays slow formation (ken = 3.8 x lo5 "' s-' ) and 
slow dissociation (k,?lf = 2.9 x s -I ,  tl,z = 40 min) of 
enzyme-inhibitor  complex, with an  apparent  overall  dissocia- 
tion  constant  of 0.76 nM.  The  intrinsic K , ,  which corrects  for 
the  extent  to which the  aldehyde exists as  the  inactive  hydrate 
under  the  reaction  conditions (860'10), is 0.1 nM,  making  this 
compound  one of the  most  potent  peptide  aldehydes  described 
for a cysteine protease.  As a measure of the selectivity of  this 

inhibitor  for  ICE in monocytic cells,  when employed  as  an  af- 
finity  chromatography  ligand it  achieves  a  100,000-fold purifi- 
cation  of  the  enzyme directly to  homogeneity  from  crude cell 
homogenates  (Thornberry et al., 1992). The ability of this com- 
pound  to  inhibit  other  members of this  emerging  cysteine  pro- 
tease family (see below)  has yet to  be  determined. Replacement 
of  the  aldehyde with  a cyano  group  to  form  the  correspond- 
ing  nitrile (2) results in an  inhibitor with a K ,  of 60 nM, consis- 
tent with  its  lower intrinsic electrophilicity (K. Chapman, pers. 
comm.). 

As  described  above, it is generally accepted  that  peptide al- 
dehydes  inhibit cysteine proteases by forming a thiohemiacetal 
with the active  site  cysteine. However, it is a matter  of  some de- 
bate  as  to  whether  peptide  aldehydes  are  transition-state  ana- 
logs as initially proposed (Westerik & Wolfenden, 1972), or 
instead  inhibit  the  enzyme by forming a thiohemiacetal  bound 
in  a nontransition  state  conformation  (Frankfater & Kuppy, 
1981; Mackenzie et al., 1986; MCnard et al., 1991; Schroder 
et  al., 1993). The recently determined  crystal  structure clearly 
shows  the  tetrapeptide  aldehyde (1) bound  in a nontransition- 
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Monocyte 
Reversible  Inhibitors R Ki (nM) IC50 (nM) 

1 aldehyde 0.76 2,700 

2 nitrile $-CI N 57 1,300 

3 ketone 19 

4 phenoxymethylketone 3 

6.000 

N.D.1 

Irreversible  Inhibitors k,/Ki (M" S" ) 

5 diazomethylketone 1 . 6 ~  104 N.D.1 

6 acyloxymethylketone & o F S  9.6 x 105 3,000 

0 CF3 

Not Determined 

Fig. 3. Tetrapeptide  inhibitors of ICE 

state  conformation, with the oxyanion of the inhibitor being sta- 
bilized by the active  site histidine  (Wilson et al., 1994). 

Unsubstituted phenyl-alkyl  peptide  ketones are surprising  po- 
tent  competitive, reversible inhibitors of ICE.  This  strategy has 
the  advantage of potentially  accommodating specificity and  af- 
finity enhancing  substituents on  both sides of  the carbonyl  group. 
The best inhibitor of this series developed  to  date, Ac-Tyr-Val- 
Ala-Asp-CO-(CH2),-Ph (3), has a K ,  of 18 nM  (Mjalli  et  al., 
1993b). Clearly  the  potency of  these inhibitors is due,  at least 
in part,  to  the enzyme's ability  to  accommodate  hydrophobic 
residues in  the Si-S; subsites.  In  an  attempt  to  enhance  the  po- 
tency of these inhibitors by adding  electron-withdrawing fluoro 
substituents, phenylpropionyl-Val-Ala-Asp-CO-CF,-(CH2)-,-Ph 
was  prepared  but  found  to  be a weaker inhibitor ( K ,  = 6 pM) 
than  its  unsubstituted  counterpart (K,  = 42 nM)  (Mjalli et al., 
1993a). This is consistent with previous  studies  demonstrating 
that  cysteine  proteases  are  curiously insensitive to  polyfluoro- 
ketones  (Smith et al., 1988b; Angelastro  et  al., 1990). Alterna- 
tively, activation  of the  carbonyl by replacement of  the  0-carbon 
with a heteroatom  results  in a significant  improvement  in  po- 
tency. For example, the peptide phenoxymethylketone, Ac-Tyr- 
Val-Ala-Asp-CO-CH,-0-Ph (4) has a K, of  3 nM  (Adnan Mjalli, 
pers. comm.).  Although this inhibitor  has  the  potential to  mod- 
ify  the  enzyme  covalently,  the  rate  of  this  process is relatively 
slow (kinoc,/Kj < 1,000 M-' s-'), such  that  the  half-life  for  ir- 
reversible inhibition  at 50% saturation is >60 h. 

Irreversible inhibitors 

The  most  potent  and selective a-substituted  ketones  described 
for  ICE  are  peptide (acy1oxy)methyl ketones with the  general 
structure, Ac-Tyr-Val-Ala-Asp-CH2-OCOPh (e.g., 6) (Dolle 
et  al., 1994; Thornberry et al., 1994). Acyloxymethylketones 
were  first  developed by Krantz  and his colleagues as  potent, se- 
lective inactivators of cathepsin B (Smith  et  al., 1988a; Krantz 
et  al., 1991). Inactivation  of  ICE  proceeds  through  expulsion 
of  the  carboxylate leaving group  to  form a thiomethylketone 
with  the  active site CysZs5.  The  second-order  inactivation  rate 
is independent of leaving group pK, with an  approximate value 
of 1 x IO6 M" s -I ,  leading  to  the  proposal  that  the  rate- 
limiting step in inactivation is association of enzyme  and  inhib- 
itor,  rather  than  any  bond-forming  reactions.  The selectivity of 
these  inhibitors  for  ICE was demonstrated by affinity labeling 
a crude THP. 1 cell cytosol,  where ICE constitutes  <0.001 VO of 
the  total  protein.  At  concentrations  and  time  periods  that  inac- 
tivate >99.99% of the  enzyme,  there is no  detectable labeling 
of  any  other  protein.  In  addition, these inhibitors  are relatively 
inert  toward  bionucleophiles  such  as  glutathione (<5  X IOp4 
M" s-I), making  them excellent candidates  for in vivo stud- 
ies of enzyme  inhibition. 

The relatively slow rate of  association  observed with acyloxy- 
methylketones (1 x lo6 M" s-' ) appears  to be characteristic of 
all  tetrapeptide-based  ICE  inhibitors.  This  rate  constant is di- 
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rectly proportional to reaction macroviscosity (Thornberry 
et al., 1994), an observation that is  generally  considered  diag-. 
nostic for a diffusion-controlled encounter  (Blacklow  et  al., 
1988). However, it is  also well  below theoretical  predictions  of 
rates for diffusion-limited  reactions (1O8-1OL0 M-' s-l) and is 
at the low end of  the  range of lo6-10' M" s-l typically  ob- 
served for enzyme-substrate and protein-ligand interactions 
(Hammes & Schimmel,  1970; Fersht, 1985). An explanation  that 
adequately accounts for both observations is that binding  of  a 
tetrapeptide inhibitor to ICE  is  accompanied by a  viscosity- 
dependent conformational change,  analogous to that proposed 
for binding  of the transition state analogue inhibitor coformy- 
cin to adenosine  deaminase  (Kurz  et al., 1987). 

Inhibition by a cowpox serpin 

The only  macromolecular inhibitor described to date for ICE 
is the cowpox  virus  serpin,  CrmA  (Ray  et al., 1992;  Komiyama 
et  al., 1994).  This  31-kDa protein  has been shown to play an im- 
portant biological  role  in the host  inflammatory  response to in- 
fection (Ray  et al., 1992) and  has  more  recently been  implicated 
in protection against cell death (Gagliardini  et al., 1994).  It  is 
the  only  known  member  of  the  serpin  superfamily to inhibit  a 
cysteine, rather than a  serine, protease, leading to the proposal 
that ICE  has  a substrate binding  geometry  similar to that of a 
serine protease (Komiyama  et al., 1994).  The rate constant for 
binding (ken = 1.7 X lo7 M" s-I) is  among the fastest  known 
for serpin-protease interactions, and the dissociation constant 
of the final complex  is <4 pM (Komiyama  et al., 1994).  Unlike 
most  enzyme-serpin interactions, the resulting  complex  is not 
stable to SDS-PAGE. Its selectivity for ICE is presumably  de- 
termined by the  putative PI Asp  in  the  reactive  site  loop.  CrmA 
may also be an excellent inhibitor of other members  of  this  pro- 
tease  family, because it is virtually  certain that they  also  require 
Asp  in PI for catalysis  (see  below).  This  raises  some  uncertainty 
as to the target@) of CrmA inhibition in  vivo. 

Composition and  structure of active  enzyme 

Active  ICE  is  composed  of  2 subunits of  molecular masses  of 
10,248 Da  (p10) and 19,866  Da (p20).  This was first  demon- 
strated  through  purification of  the  enzyme to homogeneity from 
both human and murine  monocytic cells  by affinity chroma- 
tography using a  peptide  aldehyde  immobilized  on  a  Sepharose 
matrix  (Thornberry  et al., 1992; Molineaw et al., 1993).  An  al- 
ternately  processed  form  of  p20  with  a  molecular  mass  of  21,456 
Da (p22)  has  also  been  isolated by affinity chromatography 
(Miller et al., 1993a).  Several  lines  of  evidence  suggested that 
both subunits are required for catalytic activity (Cerretti 
et al., 1992; Thornberry et  al., 1992;  Miller  et al., 1993a).  This 
has  been confirmed by crystal structures of  enzyme  bound to 
tetrapeptide inhibitors, which  show  p20 and p10 intimately  as- 
sociated,  both  contributing key  residues to the  active  site  (Walker 
et al., 1994;  Wilson  et al., 1994)  (Fig.  4). The  catalytic  CysZs5 
and Hisz3'  reside  in  p20,  whereas the P, aspartic acid  binding 
pocket  is formed by  residues on  both  subunits.  Not  surprisingly, 
the side  chains  in P2 and P3  are solvent  exposed,  explaining 
why broad substitution is tolerated in the P2 position in tetra- 
peptide  substrates and inhibitors. The side  chain  of P4 tyrosine, 

Gp20 h 

Gp20 
N-p10 

Fig. 4. CPK model of the (~2O)~/(plO), tetramer. The p20 subunits 
(green and blue) and the p10 subunits (red and gold) form 2 catalytic 
domains (greedred)  and (blue/gold). The tetrapeptide aldehyde inhib- 
itor (1) is shown in purple. A model for proenzyme activation  has been 
proposed in which the green  p20 and gold p10 are derived from one pro- 
enzyme molecule, and the blue p20 and red p10 from  another to form 
a tetramer of interdigitating subunits (Walker  et al., 1994;  Wilson et al., 
1994). Reprinted with permission from Nature (Wilson et al., 1994). 

which  is a  critical determinant, binds  in  a  hydrophobic  channel 
formed by  p10  residues.  The  oxyanion  of the substrate tetra- 
hedral  intermediate  is  most  likely  stabilized  by  the  backbone  am- 
ide protons of  Cys28s and Gly238. 
As shown  in  Figure  4,  two  plO/p20  heterodimers  associate  in 

the  crystal to form  a  tetramer,  and  it  has been  proposed that this 
is the  catalytically  active  form of the enzyme in  solution (Walker 
et  al., 1994;  Wilson  et al., 1994).  Although  the  molecular  weight 
of  the  enzyme in solution has  yet to be  rigorously  determined, 
evidence for  this  hypothesis  is  compelling.  First,  the  contacts  be- 
tween  heterodimers  in  the  crystal  are  extensive,  covering  an  area 
of  -5,200 A'. Second,  the  residues that are located at the pro- 
posed  tetramer  interface  are  highly  conserved.  Finally,  mutation 
of one of  these  residues  eliminates  ICE  activity  (Wilson  et al., 
1994). 

The  possibility that catalytically  active  enzyme is a tetramer 
has  implications for inhibitor  development. Prior to determina- 
tion of  the structure, it was found that dilution  of the enzyme 
in solution  causes loss of  activity  with  a  half-life  of  2.7  h,  which 
is fully  restored upon reconcentration of the  enzyme (Thorn- 
berry  et al., 1992).  This  phenomenon  is  prevented  by saturat- 
ing  levels  of substrates or inhibitors and was initially thought 
to be due to dissociation of the p20/p10  heterodimer to cata- 
lytically  inactive  monomers.  In view of the crystal  structure, an 
alternative explanation is that this loss of  activity is due to dis- 
sociation  of  the  tetramer to form  2  catalytically  inactive  pu)/plO 
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heterodimers. If this is true,  then  the  interface between hetero- 
dimers  offers a potential  target  for  inhibitor  design. 

Proenzyme  organization and activation 

The  mature p20/p10 form of ICE is derived from a  45-kDa pro- 
enzyme  (p45) by proteolytic  removal of  an 11.5-kDa propeptide 
and a 2.0-kDa  linker  peptide between p20  and  p10 (Fig. 5A) 
(Thornberry et al., 1992). The primary sequence also reveals that 
both p20 and  p10  are  flanked by Asp-X  bonds,  potential  ICE 
cleavage sites. Given the enzyme’s unusual  substrate specificity, 
this strongly suggests that  autocatalysis plays an  important  role 
in proenzyme  activation. Definitive  evidence for  autoprocess- 
ing was obtained in both  COS cells (Wilson et al., 1994) and bac- 
ulovirus  expression systems (Rolando et al., 1994; Wang et al., 
1994b), where  mutation of the  catalytic  CysZE5  prevents  pro- 
cessing of  the  proenzyme  to  p20/p10.  The  Asp-X  bonds  sur- 
rounding  the  mature  subunits were confirmed  to be the  targets 
of  autocatalytic cleavage by mutation of  these  sites (Rolando 
et al., 1994). 

The  arrangement  of  subunits in the  crystal suggests  a model 
for  proenzyme  activation via intermolecular  autoproteolysis 
(Walker  et al., 1994; Wilson et al., 1994). In a p20/p10  hetero- 
dimer,  the  C-terminal  residue of the  p20 is too  far  from  the 
N-terminal  p10  residue to be bridged by the 2.0-kDa linker  pep- 
tide.  Consequently, if the  heterodimer is derived from a  single 
proenzyme  molecule,  large  conformational  changes must  ac- 
company processing. An  alternative  hypothesis  has been pro- 
posed in which 2 molecules of p45 associate and process to  form 
a tetramer of interdigitating subunits. Each  active site is formed 
from a p10  from  one  proenzyme molecule and a p20  from  an- 
other,  thus  providing a rationale  for  the  unique  quaternary 
structure of the  enzyme. 

Role in processing and secretion of IL-l/3 

In  contrast  to  the  detailed  understanding of the  structure  and 
catalytic  mechanism of ICE  described  above, little is known  of 
the cellular events leading to processing and secretion of mature 
IL-lp from  activated  monocytes.  Among  the  prominent  ques- 
tions  are  the  following. 

First, how is activation  of  proenzyme regulated in monocytes? 
The vast majority  (>99%)  of  ICE  protein in both  resting  and 
stimulated  monocytes is inactive  cytosolic proenzyme, which is 
constitutively  produced  (Ayala et al., 1994). Active enzyme is 
present in such low abundance  that it cannot be detected  in in- 
tact cells by immunoprecipitation.  What little active  enzyme ex- 
ists has been  detected  only by electron  microscopy, which shows 
it predominantly associated  with the  plasma  membrane (Singer 
et al., 1993). Taken  together, these  observations suggest that ac- 
tivation  of  proenzyme is tightly regulated  and  may  be involved 
in  controlling  the  rate  of  mature  IL-lp release. 

Second,  how is mature  IL-lp secreted from  monocytes,  and 
does  ICE play a role in  this process? It is clear from several lines 
of evidence that  mature  IL-lp is secreted through a nonclassical 
pathway  that  does  not involve the Golgi/endoplasmic  reticulum 
(ER)  route  (March et al., 1985;  Singer  et al., 1988; Rubartelli 
et  al., 1990). Several alternative  mechanisms  for  IL-10 release 
have been proposed  (Rubartelli et al., 1990; Hogquist  et  al., 
1991a,  1991b; Kuchler, 1993). One possibility is suggested by 

the  notion  that active ICE  appears  to  be largely associated with 
the cell membrane.  In  this  location it could  function  as  part 
of the secretory  machinery, perhaps  as  part of a transmembrane 
pore  like  that used for  secretion  of  bacterial hemolysin  A or 
yeast a-factor (Kuchler, 1993). This  hypothesis is consistent with 
the  observation  that  mature  IL-10 is not  found inside  cells,  in- 
dicating  that processing and  secretion  are  temporally  linked 
(Limjuco et al., 1986; Hazuda et al., 1988). 

Finally, why are  potent, selective tetrapeptide  inhibitors  of  the 
purified  enzyme  such  poor  inhibitors of mature  IL-10 release 
from  stimulated  monocytes (Fig.  3)? Among  the  most  reason- 
able  explanations  are  proteolysis,  poor cell penetration,  and 
competition with proenzyme  activation.  There is also  the unset- 
tling  possibility that  the  inhibitor  profile of purified  enzyme is 
not relevant to  that  of  the active enzyme in monocytes, which 
may be membrane-associated. In this  regard it is important  to 
point  out  that  the  enzyme  originally  identified  in,  and  purified 
from,  the cytosol of  monocytic cells (Kostura et al., 1989) was 
derived from  the  proenzyme  following cell lysis (Ayala et al., 
1994). Likewise, the  enzyme used for  structural  studies was de- 
rived from  recombinant  proenzyme (Wilson et al., 1994) or 
refolded  from p20 and p10  (Walker et al., 1994). The  crystal 
structure of this  enzyme  does  not reveal any  membrane  bind- 
ing domains.  Thus, if active enzyme is indeed membrane  bound, 
it may be posttranslationally  modified, or associated with mem- 
brane  proteins,  or  both.  The  resolution of  these  issues  clearly 
has  important  implications  for  future  inhibitor  design. 

Evidence for a role in programmed cell 
death and apoptosis 

When  ICE was first  purified,  cloned,  and sequenced in 1992, 
it was found  to be unrelated to any  known  protease  (Cerretti 
et al., 1992; Thornberry et al., 1992). The  crystal  structure re- 
vealed that  the topology  of the enzyme is also novel with respect 
to  known  protein  structures (Walker  et al., 1994;  Wilson et al., 
1994). Recently it was shown  to  have  sequence  similarity  to 
CED-3,  the  product of  a  gene required  for  programmed cell 
death in C. elegans (Yuan  et al., 1993). It is now clear that  ICE 
is the  first  member of  a new family of cysteine proteases  that 
includes CED-3  and NEDD-2,  the  product of a  murine gene also 
implicated in cell death  (Kumar et al., 1994). A sequence  align- 
ment  of these proteins with human  ICE,  shown in Figure 5B, 
shows  that all of  the residues implicated in catalysis and  bind- 
ing by the  crystal  structure,  including  the 4 amino  acids  impor- 
tant  for  recognition  of  the P,  aspartic  acid,  are  conserved. 
These residues are  also  conserved in the  human nedd2 gene, 
which has recently been isolated and characterized (Wang et al., 
1994a). Consequently, it  is virtually certain that ced-3 and nedd2 
encode cysteine proteases resembling ICE  that cleave after  an 
aspartic acid in substrates that  are, as  yet,  unidentified. The find- 
ing that  CED-3 has  mammalian  homologs,  together with the dis- 
covery that a  gene required  for  protection  against cell death in 
C. elegans (ced-9) has  a mammalian  homolog with similar  func- 
tion (bcl-2) (Hengartner et al., 1992; Vaux et al., 1992; Hengart- 
ner & Horvitz, 1994), strongly suggests that  the  mechanism of 
cell death in the  worm is conserved in vertebrates. 

What is the evidence that  ICE is the  mammalian  counterpart 
of  CED-3? Yuan and her colleagues have found  that overexpres- 
sion of the ice gene or the ced-3 gene in fibroblasts  induces apop- 
tosis (Miura et al., 1993). Cell death was not  observed  upon 
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overexpression  of mutants lacking the active  site  cysteine,  indi- 
cating that this  effect  depends on  the proteolytic activity of  these 
proteins.  The most  provocative evidence is provided by the find- 
ing that  expression  of  the  cowpox  serpin  CrmA  prevents  apop- 
tosis in  chick dorsal  root  ganglion  neurons  deprived of  nerve 
growth  factor  (NGF) (Gagliardini et al., 1994), although expres- 
sion of ICE  protein in these cells was not  documented. 

These results provide  compelling evidence for a role  for  ICE 
in  programmed cell death,  but  they  are inconclusive. It is pos- 
sible that overexpression of any protease in fibroblasts will cause 
nonspecific induction of cell death. Regarding the  inhibition of 
apoptosis by CrmA in neurons, cell death  could be due  to  an 
ICE  homolog  that is also  inhibited by this serpin,  analogous  to 
the  broad inhibition  of  serine  proteases by a-1-proteinase inhib- 
itor (Beatty  et al., 1980). One  candidate is NEDD-2,  the  homo- 
log that is expressed in the  brain  during  development  and is 
down-regulated in adult brain, consistent with a function for this 
protein in neuronal cell death  (Kumar et al., 1994). Another is 
prICE,  a recently  discovered proteolytic activity  in  cytosolic  ex- 
tracts of apoptotic chick hepatoma cells (Lazebnik et al., 1994). 
This enzyme, which appears  to be a cysteine protease with a re- 
quirement  for  Asp in P I ,  cleaves the nuclear enzyme  polyADP 
ribose  polymerase  (PARP)  at  a highly conserved  sequence  that 
is identical  to  the  upstream cleavage  site for  ICE in pro-IL-10. 
Inactivation  of  PARP by cleavage at this  site is known  to be a 
hallmark  of apoptosis in a variety of cell types (Kaufmann et al., 
1993). Despite  the similarities  between prICE  and  ICE,  they 
clearly have  different  macromolecular  substrate specificities: 
prICE  does  not cleave mammalian  pro-IL-10,  and  ICE  does not 
cleave PARP, implying that  the enzymes  have  distinct functions 
in vivo. These  important  studies have  provided the first  insights 
into  mechanisms by which members of this cysteine protease 
family  may  participate in apoptosis. 

Taken  together, these  results provide clear  evidence that  ho- 
mologs of CED-3 function in cell death in higher organisms,  but 
a  role  for  ICE itself has yet to  be  proven.  Clearly,  potent, se- 
lective inhibitors  would be useful in delineating  the biological 
roles of this  enzyme  and its relatives. In this  regard, it is impor- 
tant  to  note  that it is not yet known if the  potent  tetrapeptide 
inhibitors of ICE described in this review are  good  inhibitors  of 
other family members.  Two lines of evidence  suggest  they will 
not be. First,  although  there is excellent conservation of the ac- 
tive site  residues  involved in catalysis and binding of the P ,  as- 
partic  acid,  the  homology  does  not  appear  to  extend  to  the S4 
subsite, a critical determinant  for  ICE (Wilson et al., 1994). Con- 
sistent  with this view, the  sequence  of  the  PARP cleavage  site 
suggests that  prICE  prefers  an acidic  residue  in  this position, in 
contrast  to  the  hydrophobic residues favored by ICE.  Second, 
although  the  tetrapeptide  halomethylketone Ac-Tyr-Val-Ala- 
Asp-CO-CH,-Cl appears  to be an inhibitor of prICE (Lazebnik 
et al., 1994), it is 1,000-fold less potent  than we would expect 
for  inhibition of ICE, by analogy to  the rates of inactivation ob- 
served  with  the  corresponding  tetrapeptide  acyloxymethyl- 
ketones ( / C , , , ~ ~ , / K ;  = IO6 M" spl), which contain less reactive 
leaving groups.  Thus, present indications  are  that  tetrapeptide 
inhibitors of ICE  probably will not be potent  probes  against 
other  members of this  family;  conversely, with a  knowledge of 
individual  sequence specificities it should  be possible to design 
potent, selective inhibitors  for  each  enzyme  built  on  the  same 
fundamental motifs that have been successful with ICE. Finally, 
viewed as probes of biological function, it should  be kept in 

mind  that  none  of  the  present  ICE  inhibitors is potent  against 
whole cells, for  reasons  that  remain  to  be  established. 

Challenges for future research 

The  structure  and  catalytic  mechanism of ICE  are  reasonably 
well understood,  and  efforts  to  find  potent, selective, nonpep- 
tide  inhibitors with suitable  pharmacologic  properties  for  stud- 
ies in vivo will inevitably  succeed. Such  inhibitors  may  prove 
crucial  to  addressing  the  serious  questions  that  remain  regard- 
ing the biological  role(s) of ICE  and its  relatives in inflamma- 
tion  and cell death. 

First, will inhibition of IL-IP  alone be effective  in treating 
chronic  and/or  acute  inflammation,  or is IL- la  also an  impor- 
tant player? Recent studies with neutralizing antibodies to IL-Ip 
suggest a  major  role  for  this  cytokine in animal  models  of  ar- 
thritis (Geiger et al., 1993). More studies of this  type will  be nec- 
essary to  establish  the relative importance of IL-la  and IL-1P 
in other models  of inflammation. Second, is 1L-l p a suitable tar- 
get for  chronic  therapy in  diseases such as rheumatoid  arthri- 
tis? IL-I  has  long been thought  to be a key mediator of the 
immune  response.  Cowpox virus encodes  2  proteins,  a  potent 
ICE  inhibitor  (CrmA)  (Ray et al., 1992) and  an  IL-10  binding 
protein (Alcami & Smith, 1992; Spriggs et al., 1992), that facil- 
itate  infection  through  inhibition of the  host  inflammatory re- 
sponse.  Although these  findings support  the view that  ICE  and 
IL-IP  are  important in inflammation, they also raise serious 
questions  as to the  safe  administration  of  ICE  inhibitors. 

Finally, is ICE itself involved  in cell death?  The results so far 
are  not definitive;  however,  they do clearly establish that  at least 
some family members  are key participants.  These findings  have 
intensified  interest in understanding  the  role of  these proteases 
in normal mechanisms  of cell death, based on the possibility that 
abnormally  controlled cell death  may be the  underlying  cause 
of neurodegenerative diseases such  as Alzheimer's or Parkin- 
son's (Barinaga, 1993). There is no good evidence for this at  the 
moment,  and clearly more research is required to assess the  ther- 
apeutic  potential of inhibitors  of ICE  and its homologs for treat- 
ment  of  these  debilitating  diseases.  Specificity of  inhibition will 
also be a  major issue in this area, because programmed cell death 
is generally considered  an essential component of development, 
tissue homeostasis,  and  aging (Ellis et al., 1991). 
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