
a Curie-Weiss term from the  very weakly 
antiferromagnetically coupled Fe3+ ions. 
Below T,, the  susceptibility increases with 
increasing field until it reaches a critical 

u 

field, which is consistent with a London 
~ e n e t r a t i o n  d e ~ t h .  T h e  Meissner effect is 
complete a t  0.5 mT. T h e  electron paramag- 
netic resonance sDectra show one Dvsonian 
in shape resonance due to the  conhuction 
electrons of the  BEDT-TTF chains and one 
Lorentzian in  shape resonance due to the  
Fe3+ ions. Electronic band structure calcula- 
tions based o n  crystal data obtained a t  300 K 
confirm a metallic behavior with both elec- 
tron and hole pockets in the Fenni surface 
(which are, more probably, tubes resulting 
from the two-dimensional character of the 
crystal structure). In conclusion, this phase 
tmly is the first molecule-based paramag- 
netic superconductor. 

T h e  paper by Kurmoo et al. also illus- 
trates how small chemical modifications 
may result in  drastic changes in  the  physical 
properties of molecular electron-transfer 
salts. The  derived (BEDT-TTF)4[YFe(C204)3] 
C6HjCN salts obtained by substituting Y = 

K or NH, or H 7 0  are se~n ico~~duc to r s .  This 
may be related to differenc.es in the  struc- 

tures, which consist of layers of (BEDT- 
TTF)22+ dimers separated by isolated neutral 
(BEDT-TTF)%nolecules for the K or NH, 
derivatives, whereas in the  H 2 0  derivative, 
chains of equivalent (BEDT-TTF)+3/4 are 
observed (hence, the  so-called p"-struc- 
ture). By contrast, the  underlying hexago- 
nal network of Fe and Y is similar in  the  
three compounds. Striking also is the  obser- 
vation of alternate [ F e ( C 2 0 4 ) 3 ]  anion lay- 
ers that are exclusively composed either of 
A or A enantiomers, even though the  three 
compounds were prepared from racernic 
[ F e ( C 2 0 4 ) 3 ] 3  starting salts. 

If the  behavior of P-(BEDT-TTF), 
[ ( H 2 0 ) F e ( C 2 0 4 ) 3 ] C 6 H j C N  is a result of 
BCS singlet-state superconductivity, then 
the  Fe3+ ions cannot be directly immersed 
in  the  gas of electrons condensed in  pairs; 
instead, they must be shielded from the  su- 
perconducting BEDT-TTF layers. A similar 
situation is encountered in  the  two-dimen- 
sional high-T, copper oxides, in  which the  
presence of magnetic impurities suppresses 
superconductivity when located in  the  Cu-  
0 planes but not  when located outside of 
these planes. Another explanation may be 
found in the possible existence of triplet- 

The Origin of Programmed 
Cell Death 

Jean Claude Ameisen 

C e l l s  from multicellular organisms self-de- 
struct when thev are n o  longer needed or 
have become damaged. ~ h e ~ v d o  this by ac- 
tivating genetically controlled cell suicide 
machinery that leads to programmed cell 
death (PCD).  T o  survive, all cells from multi- 
cellular animals depend o n  the constant re- 
pression of this suicide program by signals 
from other cells (1 ). It has been assumed that 
such an  altruistic form of cell survival regula- 
tion arose with multicellularity and would 
have been counterselected in  unicellular or- 
ganisms (1 ). Recent findings indicate, ho-,- 
ever, that a similar process of socially ad- 
vantageous regulation of cell survival also 
operates in  single-celled eukaryotes. 

P C D  has now been described in  four 
unicellular organisms (2-5) that emerged 
between 2 and 1 billion years ago and be- 
long to three diverging branches of the  eu- 
karyote phylogenic tree (see the  figure): the  
kinetoplastid parasites Trypanosoma cruzi 
(2 )  and Trypanosoma brucei rhodensiense ( 3 ) ,  
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among the  first mitochondria1 eukaryotes; 
the  free-living slime mold Dictvostelium " 

discoideum (4) ;  and the  free-living ciliate 
Tetrahymena thermophila (5). Unicellular 
eukaryote P C D  is similar (4)-or identical 
(2 ,  3)-to apoptosis, the  usual P C D  pheno- 
type in cells from multicellular animals (1 ). 
Its features include cvto~lasmic blebbing 
and vacuolisation, chrokat in  condensay 
tion, and D N A  fragmentation. Environ- 

u 

mental stress (such as starving) and extra- 
cellular signals that activate the  cyclic 
A M P  pathway (which induce differentia- 
tion to a reversible Go/G1-arrested stage) 
also induce P C D  in cells that remain undif- 
ferentiated and cycling (2,  4 ) .  In  low-den- 
sity cultures of dividing protists, P C D  is ~II -  

duced "by default" if cell differentiation is 
not  triggered, unless certain environmental 
conditions are provided (2 ,  5). Finally, in 
the  kineto~las t id  ~aras i tes .  P C D  is also 
regulated b; signalsLfrom their multicellular 
host (2,  3).  So, like multicellular organisms, 
survival of unicellular eukaryotes depends 
o n  the  prevention of self-destruction by ex- 
tracellular signals. 

state superconductivity, which has been sug- 
gested to be more appropriate for describing 
the behavior of molecular superconductors and 
less sensitive to magnetic perturbation (9). Be 
that as it may, the finding of Kurmoo et al. is a 
major breakthrough in the field and opens up 
brilliant prospects for the interplay of conduc- 
tivity and magnetism in molecular solids. 
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Why has evolution favored such a sys- 
tem of cell destruction? P C D  allows con- 
stant selection for the  fittest cell in  the  
colony, optimal adaptation of cell numbers 
to the  environment, and tight regulation of 
the  cell cvcle and cell differentiation. P C D  
may be particularly useful when cells are in- 
teracting: in  the  trypanosomes, P C D  may 
regulate the  communication between uni- 
cellular and multicellular organisms that al- - 
low the  establishment of a stable host-para- 
site relation (2,  3); and in  the  slime mold, 
P C D  allows the  induction of dead stalk cells 
that participate in the  formation of a multi- 
cellular aggregated body (4 ) .  

How and when did unicellular organisms 
select for genes allowing cell suicide? Primi- 
tive forms of PCD occur in ~rokarvotes when 
plasmid or viral genomes compete with bac- 
terial genomes in a bacterial colony; when 
bacteria from different species compete; and 
upon terminal differentiation of Myxobac- 
teria and Strebtomvces. which allows the tran- 

1 2 ,  

sient formation of multicellular aggregated 
bodies (6). These findings suggest a multistep 
scenario for the emergence of death genes 
during evolution: in prokaryotes, (i) selection 
for killer genes encoding toxins used for of- 
fense in  evolutionarv arms races between 
different species, and concomitant selection 
for genes encoding toxin antidotes for de- 
fensive purposes; and (ii)  selection for the  
induction of such genes in adverse environ- 
mental conditions to  allow control of death 
and survival in cells sharing the same ge- 
nome, providing a selective advantage to the  
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best-adapted offspring by preventing flawed 
offspring from competing for resources. The 
hypothesis that the eukaryote cell is a sym- 
biont that arose from fusion of different 
bacteria species suggests that PCD may 
have evolved from a resolution of conflict 
between heterogeneous genomes within a 
cell, a process similar to step (i), that subse- 
quently led to enforced cooperation. 

Multicellular animals 

I 

Although such an evolutionary scenario 
is ~lausible. an alternative model would re- 

Chrornophytes 

Entamoebae Red algae ~ ~ ~ ~ f l ~ ~ ~ i ~ ~ ~ ~  O ~ m ~ c e t e s  D~atomes 

Apicomplexans C~liates Fungi 
Dlplomonads Trichomonads Amoebae Slknemo#s \ 1 7  I ,  

111 
I 

Between 2 and 3.5 Behveen 1.5and2 kolnd 1 billion 
Mlbn years ago billion years ago Years ago 

move the need for a multistep process in the 
ememence of cell suicide machinem. In 

Around 0.7 
billion years ago 

- 
multicellular animals, some gene families 
function solely as inducers (the Ced-3/ICE/ 
CPP32 cysteine proteases) or inhibitors 
(CED-91Bcl-21Bcl-XL) of PCD (1). HOW- 

I 
Archaebacteria Multicellular plants 

Programmed cell death and evolution. Various forms of PCD have been PCD are available for members from other branches. The tree and esti- 
identified (in bold) in several branches of the phylogenic tree. No data on mated divergence times are adapted from (1 1). 

lver, mbst thatcontrol the' CAI cycle 
and cell differentiation-including proto-on- 
cogenes, tumor suppressor genes (1 ), cyclins, 
and cyclin-dependent kinases (7, 8,)-also 
participate in the control of PCD, and mi- 
totic catastrophes resulting from uncoordi- 
nated activation of cyclins in mammalian 
cells and in yeast mutants have a phenotype 
similar or identical to apoptosis (8). In bac- 
teria, the autolysins that participate in cell 
division can also induce self-destruction. If 
effectors of the cell cycle machinery can 
also be effectors of the self-destruction of 
the cell in which they operate, then the re- 
quirement for coupling cell survival to the 
prevention of self-destruction is as old as 
the origin of the cell (10). 

The evolution of PCD would share simi- 
larities with the evolution of genetic diver- 
sity. The inability of a cell to avoid random 
genetic mutation has led to the selection of 
both DNA proofreading and repair mecha- 
nisms and the amplification of DNA diver- 
sitv bv genetic reassortment. The view that , 8 "  

an intrinsic inability to avoid random self- 
destruction is an "original sin" of the cell, 
an inherent consequence of progression 
through the cell cycle, implies that selective 
pressures regulate the cell cycle machinery so 
that cell suicide is repressed. Such a scenario 
provides a simple mechanism for the selec- 
tion of upstream inducers of PCD that allow 
enhanced fitness of the colony through the 
rapid dismisal of an individual once a mis- 
take has been made during the cell cycle. 

Is the origin of social control of cell sur- 4. S. Cornillon etal., J. CellSci. 107, 2691 (1994). 
vival coextensive with the origin of the -11, 5. S. T Christensen, D. N. Wheatley, M. I. Rasmus- 

or have there been several parallel evolution- 
sen, L. Rasmussen, Cell Death Differ. 2, 301 
11445\ \ .---,. 

arv attemvts toward PCD? &I unicellular eu- 6. M. B. Yarmolinsky. Science 267.836 (1995). 
karyotes &re effectors and regulators of cell 
suicide with multicellular animals? Are muta- 
tions that uncou~le the cell suicide machin- 
ery from extracellular signals counterselec- 
ted in unicellular colonies, as in multicellular 
animals (1, 7)? The identification of the 
genes that regulate cell suicide in other uni- 
cellular organisms should help to address 
these questions. 

References and Notes 

1. M. C. Raff, Nature356 397 (1992); D. L. Vaux, G. 
Haeker, A. Strasser, Cell 76, 777 (1994); G. A. 
Evan, T Cell Biol. 4, 191 (1994); H. Steller,. Sci- 
ence 267,1445 (1 995). 

2. J. C. Ameisen et ab. Cell Death Differ. 2, 285 
(1995). 

3. S. C. Welburn, C. Dale, D. Ellis, R. Beecroft, T. W. 
Pearson. ibid. 3.229 (1996). 

7. D. S. Ucker. ~ e w  Biol. 3, 103 (1991); G. T. Wil- 
liams, Cell 65, 1097 (1991); E. A. Harrington, A. 
Fanidi, G. I. Evan, Cur. Opin. Genet. Dev. 4, 120 
(1994); J. C. Ameisen, AlDS8.1197 (1994). 

8. K. Lundgren etal., Ce1164,1111 (1991); R. Heald, 
M. McLoughlin. F. McKeon, ibid. 74, 463 (1993); 
L. Shi et al., Science 263, 1143 (1994). 

10. The conserved Ced3/ICE/CPP32 cysteine prde- 
ase gene families that are considered as down- 
stream executioners of apoptosis in multicellular 
animals may in fact be upstream regulators of cell 
suicide or may act in conjunction with regulators 
of the cell cycle (or both). This is consistent with 
findings indicating that (i) the Bcld survival gene 
product prevents apoptosis downstream of ICE 
activation [M. Enari. A. Hase, S. Nagata, EMBO J. 
14, 5201 (1995)l; and (ii) granzyme B, which di- 
rectly activates CPP32 [A. J. Darmon. D. W. 
Nicholson. R. C. Bleakley, Nature 377. 446 
(1995)], also requires cdc2 cyclin-dependent ki- 
nase activation in order to induce apoptosis (a. 

11. M. L. Sogin, Cur. Opin. Genet Dev. 1. 457 
(1991); A. H. Knoll. Science256, 622 (1992). 

Infertility Treatment: A Nuclear 
Restorer Gene in Maize 

Charles S. Levings Ill 

T h e  best seed corn is a true hybrid, the 
parents being of different and carefully se- 
lected lines. But controlling the parentage 
of corn requires the intervention of hu- 
mans, because individual corn plants self- 
fertilize, serving as both the male and fe- 
male parent. Historically, corn breeders had 
to remove the tassel from corn plants by 
hand to prevent self-fertilization, a tedious 
process at best. So the discovery that some 
corn plants natually have no pollen was 
welcomed, and these strains were adopted 
for use in hybridization. 

But these convenient plants had a cost. 
Between 1969 and 1970, an epidemic of 
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southern corn leaf blight (1 ) struck a strain 
of sterile U.S. maize that accounted for 85% 
of the U.S. hybrid maize grown for commer- 
cial seed production-the Texas male-ster- 
ile cytoplasm [cmsT (cytoplasmic male ste- 
rility-T)] system. The subsequent intense 
interest in the biology of cytoplasmic male 
sterility (CMS) and its modulators is con- 
tinued in this issue of Science, in which Cui 
et al. (2) report the identity of a gene-Rj2, 
one of the restorers of fertility genes-that 
can inhibit CMS. Rj2 turns out to be an al- 
dehyde dehydrogenase. 

Cytoplasmic male sterility is a mater- 
nally inherited trait that suppresses the pro- 
duction of viable pollen and causes sterility 
in male, but not female, plants (3). The ste- 
rility effects of CMS, mediated by mito- 
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