
MW hat is the definition of life? I re- 
member a conference of the sci- 
entific elite that sought to an- 

swer that question. Is an enzyme alive? Is 
a virus alive? Is a cell alive? After many 
hours of launching promising balloons 
that defined life in a sentence, followed by 
equally conclusive punctures of these bal- 
loons, a solution seemed at hand: "The 
ability to reproduce-that is the essential 
characteristic of life," said one statesman 
of science. Everyone nodded in agreement 
that the essential of a life was the ability 
to reproduce, until one small voice was 
heard. "Then one rabbit is dead. Two rab- 
bits-a male and fe- 
male-are alive but 
either one alone is 
dead." At that point, 
we all became con- 
vinced that although 
everyone knows what 
life is there is no sim- 
ple definition of life. 

If I were forced to 
rush in where angels 
fear to tread, I would 
offer "a living organ- 
ism is an organized 
unit, which can carry 
out metabolic reac- 
tions, defend itself 
against injury, respond | 
to stimuli, and has the 
capacity to be at least a 
partner in reproduc- 
tion." But I'm not hap- 
py with such a brief definition. When al- 
lowed more extensive reflection, however, I 
think the fundamental pillars on which life 
as we know it is based can be defined. By 
"pillars" I mean the essential principles- 
thermodynamic and kinetic-by which a 
living system operates. Current interest in 
discovering life in other galaxies and in 
recreating life in artificial systems indicates 
that it would be desirable to elucidate those 
pillars, their operation, and why they are es- 
sential to life. In this essay, I will refer to 
the particular mechanisms by which those 
principles are implemented in life on Earth, 
while reserving the right to suggest that 
there may be other mechanisms to imple- 
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ment the principles. If I were in ancient 
Greece, I would create a goddess of life 
whom I would call PICERAS, for reasons 
that will become clear. 

The first pillar of life is a Program. By 
program I mean an organized plan that de- 
scribes both the ingredients themselves 
and the kinetics of the interactions among 
ingredients as the living system persists 
through time. For the living systems we 
observe on Earth, this program is imple- 
mented by the DNA that encodes the 
genes of Earth's organisms and that is 
replicated from generation to generation, 
with small changes but always with the 

overall plan intact. The genes in turn en- 
code for chemicals-the proteins, nucleic 
acids, etc.-that carry out the reactions in 
living systems. It is in the DNA that the 
program is summarized and maintained 
for life on Earth. 

The second pillar of life is Improvisa- 
tion. Because a living system will in- 
evitably be a small fraction of the larger 
universe in which it lives, it will not be 
able to control all the changes and vicissi- 
tudes of its environment, so it must have 
some way to change its program. If, for 
example, a warm period changes to an ice 
age so that the program is less effective, 
the system will need to change its program 
to survive. In our current living systems, 
such changes can be achieved by a process 
of mutation plus selection that allows pro- 
grams to be optimized for new environ- 

mental challenges that are to be faced. 
The third of the pillars of life is Com- 

partmentalization. All the organisms that 
we consider living are confined to a limit- 
ed volume, surrounded by a surface that 
we call a membrane or skin that keeps the 
ingredients in a defined volume and keeps 
deleterious chemicals-toxic or diluting- 
on the outside. Moreover, as organisms be- 
come large, they are divided into smaller 
compartments, which we call cells (or or- 
gans, that is, groups of cells), in order to 
centralize and specialize certain functions 
within the larger organism. The reason for 
compartmentalization is that life depends 
on the reaction kinetics of its ingredients, 
the substrates and catalysts (enzymes) of 
the living system. Those kinetics depend 
on the concentrations of the ingredients. 
Simple dilution of the contents of a cell 
kills it because of the decrease in concen- 
tration of the contents, even though all the 
chemicals remain as active as before dilu- 

tion. So a container is 
essential to maintain 
the concentrations and 
arrangement of the in- 
terior of the living or- 
ganism and to provide 
protection from the 
outside. 

The fourth pillar of 
life is Energy. Life as 

_ B onwe know it involves 
movement-of chemi- 
cals, of the body, of 

fr 9D components of the 
a, body-and a system 

with net movement 
cle muti cannot be in equilibri- 

pI t ve um. It must be an 
Cdatfio open and, in this case, 

metabolizing system. 
Many chemical reac- 
tions are going on in- 

side the cell, and molecules are coming in 
from the outer environment-02, C02, 
metals, etc. The organism's system is parsi- 
monious; many of the chemicals are recy- 
cled multiple times in an organism's life- 
time (CO2, for example, is consumed in 
photosynthesis and then produced by oxi- 
dation in the system), but originally they 
enter the living system from the outside, so 
thermodynamicists call this an open sys- 
tem. Because of the many reactions and the 
fact that there is some gain of entropy (the 
mechanical analogy would be friction), 
there must be a compensation to keep the 
system going and that compensation re- 
quires a continuous source of energy. The 
major source of energy in Earth's biosphere 
is the Sun-although life on Earth gets a 
little energy from other sources such as the 
internal heat of the Earth-so the system 
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can continue indefinitely by cleverly recy- 
cling chemicals as long as it has the added 
energy of the Sun to compensate for its en- 
tropy changes. 

The fifth pillar is Regeneration. Be- 
cause a metabolizing system composed of 
catalysts (enzymes) and chemicals 
(metabolites) in a container is constantly 
reacting, it will inevitably be associated 
with some thermodynamic losses. Because 
those losses will eventually change the ki- 
netics of the program adversely, there must 
be a plan to compensate for those losses, 
that is, a regeneration system. One such re- 
generation system is the diffusion or active 
transport of chemicals into the living or- 
ganism. For example, CO2 and its products 
replace the losses inevitable in chemical 
reactions. Another system for regeneration 
is the constant resynthesis of the con- 
stituents of the living system that are sub- 
ject to wear and tear. For example, the 
heart muscle of a normal human beats 60 
times a minute-3600 times an hour, 
1,314,000 times a year, 91,980,000 times a 
lifetime. No man-made material has been 
found that would not fatigue and collapse 
under such use, which is why artificial 
hearts have such a short utilization span. 
The living system, however, continually 
resynthesizes and replaces its heart muscle 
proteins as they suffer degradation; the 
body does the same for other con- 
stituents-its lung sacs, kidney proteins, 
brain synapses, etc. 

This is not the only way the living sys- 
tem regenerates. The constant resynthesis 
of its proteins and body constituents is not 
quite perfect, so the small loss for each re- 
generation in the short run becomes a 
larger loss overall for all the processes in 
the long run, adding up to what we call 
aging. So living systems, at least the ones 
we know, use a clever trick to perfect the 
regeneration process-that is, they start 
over. Starting over can be a cell dividing, 
in the case of Escherichia coli, or the 
birth of an infant for Homo sapiens. By 
beginning a new generation, the infant 
starts from scratch, and all the chemical 
ingredients, programs, and other con- 
stituents go back to the beginning to cor- 
rect the inevitable decline of a continuous- 
ly functioning metabolizing system. 

The sixth pillar is Adaptability. Impro- 
visation is a form of adaptability, but is too 
slow for many of the environmental haz- 
ards that a living organism must face. For 
example, a human that puts a hand into a 
fire has a painful experience that might be 
selected against in evolution-but the indi- 
vidual needs to withdraw his hand from 
the fire immediately to live appropriately 
thereafter. That behavioral response to 
pain is essential to survival and is a funda- 
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mental response of living systems that we 
call feedback. Our bodies respond to de- 
pletion of nutrients (energy supplies) with 
hunger, which causes us to seek new food, 
and our feedback then prevents our eating 
to an excess of nutrients (that is, beyond 
satiety) by losing appetite and eating less. 
Walking long distances on bare feet leads 
to calluses on one's feet or the acquisition 
of shoes to protect them. These behavioral 
manifestations of adaptability are a develop- 
ment of feedback and feedforward respons- 
es at the molecular level and are responses 
of living systems that allow survival in 
quickly changing environments. Adaptabili- 
ty could arguably include improvisation (pil- 
lar number 2), but improvisation is a mecha- 
nism to change the fundamental program, 
whereas adaptability (pillar number 6) is a 
behavioral response that is part of the pro- 
gram. Just as these two necessities are 
handled by different mechanisms in our 
Earth-bound system, I believe they will be 
different concepts handled by different 
mechanisms in any newly devised or new- 
ly discovered system. 

Finally, and far from the least, is the 
seventh pillar, Seclusion. By seclusion, in 
this context, I mean something rather like 
privacy in the social world of our universe. 
It is essential for a metabolizing system 
with many reactions going on at the same 
time, to prevent the chemicals in pathway 1 
(A->B--C->D for example) from being 
metabolized by the catalysts of pathway 2 
(R--S->T->U). Our living system does 
this by a crucial property of life-the 
specificity of enzymes that work only on 
the molecules for which they were de- 
signed and are not confused by collisions 
with miscellaneous molecules from other 
pathways. In a sense this property is like 
insulating an electrically conducting wire 
so it isn't short-circuited by contact with 
another wire. The seclusion of the biologi- 
cal system is not absolute. It can be inter- 
rupted by feedback and feedforward mes- 
sages, but only messages that have specifi- 
cally arranged conduits can be received. 
There is also specificity in DNA and RNA 
interactions. It is this seclusion of pathways 
that allows thousands of reactions to occur 
with high efficiency in the tiny volumes of 
a living cell, while simultaneously receiv- 
ing selective signals that ensure an appro- 
priate response to environmental changes. 

These seven pillars of life-P(rogram), 
I(mprovisation), C(ompartmentalization), 
E(nergy), R(egeneration), A(daptability), 
S(eclusion), PICERAS, for short-are the 
fundamental principles on which a living 
system is based. Further examination makes 
it clear how life on Earth has implemented 
these principles. But these mechanisms may 
not be perfect and might be improved. For 

example, the regeneration system used by 
life on Earth is imperfect for any particular 
individual and hence requires a "starting 
over." That mechanism in turn requires a de- 
vice for heredity to maintain continuity in 
the program for the next generation. Sup- 
pose the proteins, hormones, and cells had a 
better feedback system so that the gradual 
decay with age was constantly being cor- 
rected by feedback. Then, the need to start 
over would disappear. That would eliminate 
the death and hereditary needs of the current 
system. It would also mean that a single in- 
dividual could live forever without aging. 
There would be a problem, however, be- 
cause the starting over (death and a new 
birth) provide an opportunity for improvisa- 
tions (mutations in the DNA), and that pillar 
would need to be replaced by a new mecha- 
nism to achieve the same advantage. 

Such dilemmas make us confront an- 
other reality. At the present time the way in 
which mutation and selection (survival of 
the fittest) has worked over evolutionary 
time no longer seems to apply to Homo 
sapiens. We have become more compas- 
sionate, less demanding. Perhaps a newer 
approach-longer life and deliberate 
changes in the program by a supreme 
council of wise Solomons-could be sub- 
stituted for the cruder survival-of-the- 
fittest scenario. I do not necessarily advo- 
cate such a drastic change in the current 
mechanism of improvisation, which has 
served us well over the centuries, but am 
only pointing out that there is the possibili- 
ty to change particular mechanisms as 
long as we maintain the pillars. 

This listing of the seven foundations of 
life allows us to think differently about the 
goals and therapeutic approaches of cur- 
rent research. The adaptability concept, for 
example, is certainly one in which better 
mechanisms could be devised, probably by 
adjusting existing mechanisms to allow 
these to work more effectively in real liv- 
ing systems. For example, the eye can 
adapt to outside light levels that range over 
10 orders of magnitude (1010), whereas the 
other organs of the human body have 
much smaller ranges. Perhaps other organs 
such as the lungs, kidneys, or spleen could 
be improved so that they would function 
over larger concentrations of regulators 
and aging would be less harmful to them. 

Thus, the PICERAS principles seem to 
be necessary for the operation of a living 
system. Mechanisms to achieve such a 
system can be varied as long as they satis- 
fy the thermodynamic and kinetic require- 
ments. We have one example, life on 
Earth, showing how it can be done. It will 
be interesting to see whether a different, 
self-consistent set of mechanisms could 
yield a model with life as an outcome. 

22 MARCH 2002 VOL 295 SCIENCE www.sciencemag.org 2216 


