
Death by Dozens of Cuts 
Protein-cuttingenzymes called caspases are at the core of the cell's suicide machinery. Researchers 

are beginningto understand how they work and how they may be harnessedfor treating disease 

Every cell contains the makings of its own calledICE,whichuntil then wasknown only cutting that begins with initiator caspasesand 
demise: a set of proteins that cankill it from for its role in promoting inflammation. endswith proteins that kill the cell. 
within. Once unleashed, these proteins di- Soon after, in 1994, Junying Yuan of That left the question of how the first 
rect other molecules to shatter the cell's Harvard &ow& that artificially activated caspase gets tumed on. It now appears that 
nucleusand chopup its c h r o m e s ,  digest ICEcausescelldeath inculturedmammalian some initiator caspase zymogens can cut 
the internal skdeton that gives the cell its cells. ICE itself is apparently not normally and activate each other, even though they 
shape, and break up thecell itself into small involved in apopwis because it does not have at most only one-fiftieth of the pro-
hgments, ready for disposal. respond to mturaI cell-death signals, but tein-splitting ability of the active enzymes. 

This self-immohtion, callsd pmgmmmed Honritz's and Yuan's ftndings touched off a Reports within the past several months from 
celldeathorapoptosis,is wentialforthe good search that Naedup a whole familyof ICE- Vishva Dixit's team at Genentech Inc. in 
ofthe orgmhmCeUsmtrst& forinstance,as relatedproreases,at feastsevenof whichnor- South San Francisco, working with Guy 
tissuesaresculptedduringembryanicdevelop- mally participate in apoptosis. Sahresen at the Burnham Institute, David 
ment orwhen they have beeninfected with . '" Baltimore's group at MIT, and Donald 
hamh1~7iruses,Buteithermo muchornot Cytochrome c Nicholson's at MerckFrosstCanadaInc. in 
enough apoptosiscanbe catast~qhic.Many ~ATP Pointe Claire-Dorval, Quebec, have all 
cancers,for instance,arehard tokillbecause 2 Q shown that molecules of some caspase zy-
they fail to respond to apaptosb signals, mogens brought into close contact in the 
while in newodegenerativeconditionssuch $ test tubebecome activated. 
as Parkinson's disease, or following the ThefindingcouldexplainhowFas, acell 
oxygen starvation caused by stroke, excess 2 ; surfacereceptor that causescells to commit 
apaptmis may kill off bran neurc;ms. Now 2 suicide when it receives the right signals 
researchersareleaningabout &e inner core E from the immune system,does 
ofthedeathmachmy-ci~y~protein- j itswork. y- ago, k i t ' s  
cleaving enzymes known as caspases-andq t team, then at the University 
are getting hints about how science might of Michigan Medical School 
someday use this knowledge to intervene . f in Am Arbor, and David 
when apoptosis goes wrong (see sideb). W W s  team at the Weiz-

They have found, for example, that nann Institute for Science in 
caspasesact at two levelstometeout death. bhovot, Israel,b ~ hfoundthat 
Initiator caspases pronounce the death Activated caspase! Fascandraw~aspase4zymogen 
sentence.Theyare activated in responseto 
signals indicating that the cell has been that this proximity allows rtK 
stressed or damaged or has received an or- causal drein. cytochrme c released caspase precursors to activate 
der to die. They clip and activate mother kom mitochondriabindsto Apaf-1, aC one another. 
familyof caspases,theexecutlo- which f i W  it to bind and actbate-9 But apoptosis isn't always 
go on to make selected cuts in key proteins ~ t y ~ ~ t u r ~ S ~ , *g rx8  triggered by receptm receiving
that then dismantle the cell. Researchers brane blisters on tfieS8 cells (insefl. specific signalsfr.omoutside the 
have also identifiedproteins that keep the C ~ U .  DU& & ~ d o ~ n ~ t .  
caspases in check except when they are 
needed-a n&ity for enzymes that pack 
the destructivewallop that these do. "There 
has been exponential progress," says apop-
tosis researcher John Reed, of the Burnham 
Institutein LaJolla, California. 'Thepicture 
has begun to fill in." 

The first hint that proteases, as protein-
cleaving enzymes are called, play a central 
role in apoptosiscameabout6years agofrom 
Robert Horvitz's lab at the Massachusetts 
Institute of Technology (MIT). Horvids 
team had found a mutation in the round-
worm Cuenorwtis ekgnns that prevents 
normal cell death from occurring during 
embryonic development. The mutant gene, 
ced-3, tumed out to encode a protease that 
is closely related to a mammalian enzyme 

These enzymeswere named caspases (for 
cysteine-containing aspme-specific pro-
teases) because they all contain the amino 
acid cysteine in their active sites and clip 
their protein targets next to the amino acid 
aspartate.Amongthare~.arethecaspases 
themselves, which start out as inactive pro-
teinscalled zymogensthat must be clippedto 
become fully active. 

Recognitionthat thezymogenscontainthe 
exact same sequence of amino acids that the 
caspases are designed to snip suggested, says 
Reed, that "ifyou could get a caspaseactivated 
somehow, a cascade ofproteolysis would en-
sue," with active caspasescutting and activat-
ing more caspasesInvestigatorshave accumu-
lated evidence showing that the enzymes are 
iradeedturnedoninthisway,inasequenceof 

example, celb commit Gcide if ify&de-
prived of growth factors. Gelb mortally dam-
aged by radiationzoxhmg agents,or other 
harmful chemicals often undergo apoptosis 
rather thandyingalesscontrolleddeaththat is 
potentially more damaghg to the organism. ., 
And some cellskill themselves when thev iust 
sensethatthingsaren*tgoingnght,suj;ar ". . 
when umtrol of the celldivision cycle b 
gonehaywire. Shchadiversityof deathtriggem . 
meansdrawing caspsezymogmsto a receptor 
can't be the only way to activate them. Some 
additionalways arenow comingto ltght. 

The mitaGhondrielconnection 
In 1996,Xiaodong Wang and his colleagues 
at the University of Texas Southwestern 

. 

Medical Center at Dallas made a surprising 
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Caspase Work Points to Possible New Therapies 
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discovery about the identity of one caspase 
activator. Working with a "cell-free" apop-
tosis system-an extract prepared from a cul-
tured human cell line-they found that a 
critical protein component of mitochondria, 
the organelles that produce most of the cell's 
energy, can activate one of the executioner 
caspases, caspase-3. The idea that this mi-
tochondrial protein, cytochrome c, would 
moonlight as an apoptosistrigger was "totally 
unexpected," says Wang, and too bizarre to 
be believable at first. 

But by late last year, Wang's team had a fix 
on just how cytochromec triggerscelldeath. It 
binds to a protein they discovered called apop-
totic protease activating factor-1 (Apaf-1). 
That binding allows Apaf-1 to link up with 
and somehow activate caspase-9, an initia-
tor caspase which then activates caspase-3. 
Wang says he doesn't yet know how Apaf-1 

tums on caspase-9, but his "favorite hypoth-
esis" is that it acts as Fas appearsto: by bring-
ing together multiple caspase zymogens, 
which then activate each other. 

Cytochrome c makes sense as an apop-
tosis trigger, says cell death researcher 
Hermann Steller of MIT, given that various 
forms of cell damage can harm mitochon-
dria, even causing their outer membranes to 
rupture. The release of cytochrome c under 
such conditions could serve as "a stress sen-
sor," says Steller, telling the cell it has re-
ceived a fatal insult, and so "it is time to die." 

Other death triggers may also discharge 
cytochrome c. Cell biologist Donald New-
meyer of the LaJolla Institute for Allergy and 
Immunology, Sally Kombluth of Duke Uni-
versity Medical Center in Durham, North 
Carolina, and their colleagues have found 
that after caspase-8 is activated by the death 

receptor, Fas, it causes mitochondria to 
dump their cytochrome c. "Even though 
caspase-8 can activate other caspases di-
rectly," says Newmeyer, "this cytochrome-c 
pathway is more efficient. It works at much 
lower levels of caspase-8." Consequently, it 
can amplify a death signal that on its own is 
too weak to cause death. 

The executioners' targets 
Once the executioner caspasesare activated, 
they start cutting other proteins. So far, re-
searchers have identified more than two 
dozen of these caspase targets, but until re-
cently their link to cell death in most cases 
was unclear or at best indirect. But recently 
researchershave found caspasetargetswhose 
cleavageclearly triggers specific well-known 
steps in apoptosis. 

For example, one hallmark of apoptosis is 
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the disintegration ofthe cell's nucleus: First Bokoeh and Rudel bund that caspase-3 that inhibits apoptosis in nerve cells. Since 
the chramosomes are chopped up, and then cuts and activates the enzyme. Then, by then, researchers have found five more MI': 
the nucleus iwlf breaks into small pieces. engineering cells to make a form of PAK2 in mammalian cells alone, 
Last Apnl, Wang and his co-workers reported that can't be activated, they confinned the Several team, includhg MacKenzie2s 
Ehat they had found a protein from cultured crucial role of the enzyme in the disman- Reed's, and Nichobon's at Mack Frossl 
human cells that once cut by cafpase-3 trig- tliig of the cell. "Even though [the engi- Canada Inc., have evidence that IAPs binc 
gers chromme brealcup like that seen in neered cells] still underwent DNA frag- to caspases and block their activity. But thi8 
apoptosb.Theresearchersalsofound that the menration" in response to appropriate may be too simple a picture; like the Bcl 
uncut protein is ordinarily paired with an- apoptotic stimuli, &kwh says, "they didn't proteins, IAPs may work in more than one 
~therprotein~ Bnt they didn't know the role of fragment into apoptotic bodies." PAK2 my. Miller" team found that IAPs appar- 
the ober protein, or how the caspase action helps regulate the cell's internal skeleton, ently can arrest apoptosis before the caspase! 
leads to the breakup of the DNA. but just how it causes dying cells to break are involved. "There is no point in jumpiq 

Then, early this year, S h i g e h  Nagata up is not known. to conclusions yet," says Miller. "It is a com- 
and his colleagues at the Osaka University plex story." 
Medical School in Japan provided an an- Controlling the death machine Indeedt the same might be said abut  vir- 
swet. They found the same prorein pair in Given rhe incredible power of caspases to d l y  all aspects of capase function a n d a m  
mouse cells and showed that the caspase direct the dismantling of cells, cells need to uol. Researchers wonder1 for example, whai 
rqet's partner is a DNA-cleaving enzyme keep the powerful enzymes under control at other proteins besides cymchrome c ma3 
known as an endonuclew. When the times when it's not appropriate to die. Two trigger caspase activation. They puzzle ova 
caspase target is clipped, it frees the endo- proteins chat seem to aid this cause in mul- how the cell mainrains its checks on the 
nuclease to enter ,the nvcleus and s w  tiple ways are Bcl-2 and Bcl-x, which, among -then tums off these safeguard! 
chopping DNA. 'That is a p m  armzing otherthingsI block dre r e l e  ofeytochrome c when it is time for the cell to die. And 01 
s tq," says the &in- from mitochondria. &w course they are looking for more levers t i c  
ham Inssfmte's R& ., they& this isn't entirely EM-2 that will enable them to manipulm 
%is is the first time;< dear, but they may act apoptmk for disease treatments. So althougk 
you can link an .en&$ " by 3y- ionic im- the learning m e  has been steep over the 
nuclease directly to &P;;\ I l$mces that can make past year, it loola like researchers in this fielc 
caspases." .- mh&ondria burst. The won? run out of big questions anytime soon 

Another key elemst rb lkl proreins seem to -MiwciaI%uhaga 
in wtosis-&n@s-' , -haw &er ways to foil 
in the all's outer merw . . i e e U & a W a r  example, 
bran& been linked-. AddCtional Reading 

;*y *may bind G. Ambrosini, C. Adida, D. C. Altieri, *A 
zwendy to two ca\grase. novel anti-apophii gene, surrivn, axpressed 
targets. Cells dying by in aam and lympkoma" Nature Mdche 3, 
apoptosis go through 917 (I 997). 
predictable membrane M. Enmi ui a/., ' A  c x q m i e - w e d  DNase 
changes: They lose that degrades DNA during apoptosis, and fts 

their normal shape, be- iW to r ,  ICAW Nab# W , 4 3  (1 998). 
S. Kdt@kota &A, " C v &  

coming more rounded fkggnent of gdsol'm: Effector d a I 
and forming blisterlike change h apopt@sis,* s c i e r ~  22-71. 
bumps on their surfaces. - P.U + al., "Cy&dxo~.le G and W P -  
Last year, Lewis wil- dqew@nt formation of Apaf-licaqma-9 

liams of Chiron Corp, mnrplex initiates an apoptotic profease cas- 

in Ememilk, California, David Kwiati- ' 
cadB,"I=efl91.479 (lB7). 

Xrtiu, H. &u, C. Slaughter, X. Wang, 
kowski of Harvard Medical Moo1 in bm, #DfF, a'heterodimeric protein that funchns 
and thsir calIeagues found h t  capase-3 cuts m of caspase3 to DNAfrag- 
&elsolin, a protein that normally binds to the x d w i n p  ap~~msiB,"=, 175 
actin filaments that help give a cell its shape. Apaf-1 to prevent caspase activation-and (1997)- 
One of the gelsolin pieces then severs actin their amounts ixi a cell help determine how M. Muzio et al.. 'An induced pmximity 

model for caspase-8 acdmion," Jaumal of Bio- filaments, says WiIliams, an effect the team vulnerable it i s  to apoptosis. In fact, excess Chemm, 
confirmed by injectiag caspase-cut geblin Bcl-2 can convert normal cells into cancer N. Roy&&., 'fire c-1W-t. and c-l~p-2 
fragments into cells. Cells treated this way cells that refuse to die upon receiving death Wns are.direet inhibitars at spedfic caspass," 
wmd up and ''look like they are undergoing commands, and anti-Bcl-2 therapies have EWOJoume/ 16,6914 (1997). 
poptosis," Williams says. shown success in dmical trials for some 7. Rude' M G -  ~~~ wmbrane arid 

After loaing their shape, cells dying by types of wcer. motphologhal changes in -0th cells rqu- 
Iated by caspase-mediated activation of pptosis break into membrane-encased Another set of proteins called inhibitors P m , "  sc]-m, 1571 (1997). 

apoptotic bodies" that are gobbled up by ofapopta~is (IMs) WCSIS to apply the brakes M. G. Vander Hej& eta!., r m  
roving scavenger cells. Last spring, Gary to apoptosis by inhibiting Gaspases directly. the mmbme potential and w~me homer~ata- 
Bokoch and Thomas Rudel of The Scripps IAPswere discovered by Luis Miller's teaia at sis of m o d f k i , "  W191,627 (1 997). 
Research InstiMte in La Jolla identified one - the University of Georgia, Athens, in 1993. 0- G. Xu etai-9 'Elevation sf .~umnd F 
caspase target that is necessary for fonna- The researchers found that viruses deploy pram Of NA'P reduoed-mic*io 

me rat hippocampus," Nature Mdidm 3, *7 rion of the bodies: an enzyme called p21- these proteins to keep host cells alive while (1997). 
activated bzinase-2 (PAK2) that regulates the viruses replicrtte and spread. In 1994, X. yw, H. Y. C-, D. Wmore, 
the activity dother proteins by adding phos- Alex Mac.Keneiels p u p  at the University of 8~mpraeom acthwm of by 
phate groups to them. Ottaa found the& cellular IN, a protein ~Iigomerization," Mdecurar C d  1,318 (1 998). 
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