Life Evolving:
Molecules, Mind, and
Meaning

Christian de Duve

OXFORD UNIVERSITY PRESS



Life Evolving




This page intentionally left blank



Life Evolving

Molecules, Mind,
and Meaning

Christian de Duve

OXTORD

UNIVERSITY PRESS

2002



OXFORD

UNIVERSITY PRESS

Oxford  New York

Auckland  Bangkok  Buenos Aires  Cape Town  Chennai

Dar es Salaam  Delhi  Hong Kong  Istanbul ~ Karachi  Kolkata
Kuala Lumpur ~ Madrid  Melbourne  Mexico City Mumbai  Nairobi
Sio Paulo  Shanghai  Singapore Taipei Tokyo Toronto

and an associated company in Berlin
Copyright © 2002 by The Christian René de Duve Trust

Published by Oxford University Press, Inc.
198 Madison Avenue, New York, New York 10016

Www.oup.com
Oxford is a registered trademark of Oxford University Press

All rights reserved. No part of this publication may be reproduced,
stored in a retrieval system, or transmitted, in any form or by any means,
electronic, mechanical, photocopying, recording, or otherwise,

without the prior permission of Oxford University Press.

Library of Congress Cataloging-in-Publication Data

De Duve, Christian.

Life evolving : molecules, mind, and meaning / Christian de Duve.
p. cm.

Includes bibliographical references.

ISBN 0-19-515605-6

1. Life—Origin.

2. Evolution (Biology)

3. Life (Biology)

I Title.

QH325 .D415 20002
576.8'8—dc21 2002075407

Permission for the reproduction of the images that appear in this book
was kindly granted by the artist, Ippy Patterson. The copyright
for these images rests with the artist.

987654321
Printed in the United States of America
on acid-free paper


www.oup.com

—_

CONTENTS

Preface vii

Introduction 3

What Is Life? Chemistry 7

What Is Life? Information 25

Where Does Life Come From? 40

How Did Life Arise? The Way to RNA 57

How Did Life Arise? From RNA to Protein-DNA 68
How Did Life Arise? The Birth of Cells 85

e S e e =Y
® N o Nk W b = O

Y ® N o oA~ b

The History of Life 98
The Invisible World of Bacteria 111

The Mysterious Birth of Eukaryotes: The Problem 119
The Mysterious Birth of Eukaryotes: A Possible Pathway 134

The Visible Revolution 152
The Arrow of Evolution 171
Becoming Human 189

The Riddle of the Brain 208
Reshaping Life 227

After Us, What? 251

Are We Alone? 270

How About God in All That? 284
Envoy 308

Notes 309

Index 333



This page intentionally left blank



PRrEFACE

A

This preface is dedicated to all my colleagues,
past and present, at the Catholic University of Louvain

A WHIFF OF WOOD SMOKE

On a clear summer night almost 75 years ago, I was sitting, wrapped in
a blanket, a scarf on my head, with a group of similarly clad youngsters
circling a campfire. There was not a breath of wind. The flames rose
straight toward an inky sky studded with stars. So did our voices joined
in song, the only sound, with occasional crackling of burning wood, to
break the silence of the night. All of a sudden, for a brief instant, light
tused with darkness, song and silence became one, and I felt carried to
another world, seized by intense emotion, suffused with a sense of un-
fathomable mystery, feeling, beyond the infinite depths of space, the awe-
some majesty of God.

Today, the boy scout of my reminiscence is an old man. What was
then his future is now my past, a past that happened to coincide with
the most dramatic burst of knowledge in the whole history of human-
kind. The night sky of my youth has been explored to the outermost
distance and earliest beginnings of the universe. The innumerable ap-
pearances of matter have been reduced to a small set of elementary par-
ticles and forces. Life itself has yielded its secrets. Its central mechanisms
have been unravelled in intimate detail, and its history, which, as we now
know, includes that of humankind, has been probed back to an origin
lost in the mists of time.
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As chance would have it, I did not live through those momentous
events merely as a passive spectator. I was a privileged inside witness to
them and even, to a modest extent, an active participant. This dizzying
adventure was also a revealing discovery of reality, which totally upset the
naive set of beliefs from which had sprung the romantic mysticism of
my childhood. Yet memory of that summer night never entirely faded
away. It needs only a whift of wood smoke to bring back the feeling of
fervor and wonder that filled me at the time. The magic has gone, but
not the sense of mystery.

EARLY INFLUENCES

I have recalled this childhood experience because it helps explain the
tenor of this book, greatly influenced by my family background and early
upbringing, especially in the religious domain. My family was Catholic,
more by tradition and social conformism than by deep-felt conviction.
We believed, without asking why, as a matter of course. Observance was
faithful but largely perfunctory. We scrupulously refrained from eating
meat on Fridays, attended mass every Sunday, confessed our sins regu-
larly—or, in the case of the more tepid, at least once a year at Easter
time, as prelude to the obligatory yearly Communion known as one’s
“Easter duty”—and we took care not to eat any solid food a minimum
of twelve hours before receiving the sacred host at Communion. Religious
holidays, such as Christmas or Easter, were duly celebrated. Church cer-
emonies underlined all major family events. We were baptized soon after
birth and, later, when we had grown old enough to understand what was
going on, confirmed by the local bishop, who took the trouble to come
personally on that occasion. We married in church, which was also our
last stop on the way to our final resting place.

Religion itself, however, hardly entered our home, except for the pres-
ence of a crucifix or other sacred image in every room. We never prayed
together, read devout literature, or talked about religious topics. Politi-
cally, my father was mildly anticlerical and always voted liberal, not Cath-
olic (the name of a political party at the time). I myself learned early,
from spending holidays with German relatives who were Lutherans and
with English friends of my parents who were nominally Anglicans but
hardly bothered with religious practice, that one could reject the authority
of the pope and skip mass on Sundays and still escape eternal damna-
tion—that, at least, is what I believed—if one led a decent life. Rumor
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had it that some family members were actually unbelievers, perhaps
even—perish the thought—Freemasons!

This broad-minded and tolerant family atmosphere did not prevent
me from taking religion very seriously. In the Jesuit school I attended,
Catholic doctrine was strictly imposed by highly intelligent and cultured
Fathers, who described it as an unassailable, rational construction, firmly
based on the teachings of Aristotle, as revised by Thomas Aquinas. Sci-
ence, on the other hand, was poorly taught by teachers who distrusted
it and took care not to present it as an opening to understanding the
world. Only mathematics, thanks to its abstract character, escaped this
neglect and was well expounded. Not knowing any better and not being
inclined to question the wisdom of my teachers, I found this combination
of reason and faith intellectually satisfactory and even appealing.

At the end of my “humanities,” as classical high-school studies were
called, there was never a moment of doubt in my mind or anyone else’s
that I should enter the Catholic University of Louvain, steering clear of
its nearby rival the godless Free University of Brussels, founded in 1834
by a group of wealthy Freemasons with the aim of promoting, in direct
opposition to dogmatic Louvain, a pernicious doctrine of “free thinking.”
In spite of my love for the classics, I opted for medical studies, mainly
because I was attracted by the popular “man in white” image of the
physician in the service of suffering humanity.

Through a combination of circumstances that have no place in this
account, I discovered scientific research as a medical student and became
so enamored with it that I abandoned clinical practice and specialized in
biochemistry. At that same time, thanks to my first mentor, professor
Joseph Bouckaert, to whom I remain deeply indebted, I discovered the
scientific method of seeking truth, not by rational deduction from an a
priori statement presented as incontrovertible, but by observation and
experiment, continually questioned and subjected to the rigorous criterion
of objective verification. It was an illumination that swept away, as by a
tidal wave, the scholastic approach of the Jesuits and severely shook its
doctrinal foundation. Claude Bernard' replaced Aristotle and Thomas
Aquinas as my intellectual guide.

Notwithstanding this personal upheaval, at the end of my training I
accepted an academic position at my alma mater. Given the almost com-
plete inbreeding rampant in Belgian universities, there was no alternative
if I was to stay in the country. I could have gone abroad—I had an
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attractive offer from the United States—but decided on Louvain in spite
of my doctrinal qualms. There were several reasons for that decision, the
main one being a sense of patriotic obligation, not yet seen as corny at
the time, and the desire to help in the reconstruction of my war-ravaged
country. I was no “rat leaving the sinking ship,” was the way I put it to

myself.

THE CATHOLIC UNIVERSITY
My qualms were not without justification. Probably not many of today’s
readers, even in Louvain, can readily imagine the kind of intellectual
climate that existed at the Catholic University of Louvain in the time of
my youth. In that venerable institution, founded in 1425 by Pope Mar-
tinus V, and within the conservative bourgeoisie from which much of its
professorial staft was recruited, religious belief and practice were not so
much an obligation as a deeply embedded way of life essentially taken
for granted. The Belgian bishops made up the University’s directing body,
with as main prerogative the right to appoint professors (sons of profes-
sors and nephews of bishops were said to enjoy an undeniable advantage).
The rector was a cleric, often of bishop rank. Students were carefully
surrounded and watched, to the point that their lodging had to be ap-
proved by the vice-rector—a redoubtable individual, also a cleric—and a
number of the town’s more frivolous establishments were out-of-bounds
for them. Female students enjoyed special protection, required to reside
in colleges kept by nuns. All major events of academic life were celebrated
in the main church, to which the professors marched in procession
through the streets of the old city, garbed in elaborate gowns designed
in the Middle Ages. Professors generally prefaced each course with a
brief prayer. Much of the University’s meager budget was fed from do-
nations collected twice a year in churches throughout the country (with
the reluctant collaboration of the local pastors, who did not gladly see a
portion of their parishes’ resources diverted for the benefit of an insti-
tution many of them viewed as subversive). Many professors returned
their salaries to the University, relying for their living on private means
or on revenues from lucrative practices as lawyers, physicians, or industry
consultants made possible by their positions at the University.
Surprisingly, this almost-medieval framework hardly stifled academic
freedom. Barring open opposition to the Church, it left open a wide field
within which theologians could gleefully disagree with Rome and phi-
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losophers could defend widely dissenting views. Scientists were totally
untrammeled in their teaching, supported by the theologians, who si-
lenced censorship with the assertion that there could be no contradiction
between truth and the Truth. Physicists taught the latest theories, in-
cluding the Big Bang, actually discovered as the “primitive atom” by a
clerical colleague, Monsignor Georges Lemaitre. Biologists were free to
explain living processes in terms of chemical reactions and bioenergetics
in the framework of modern thermodynamics. They were not prevented
from accepting biological evolution—not yet recognized by the Church
at that time—and even its Darwinian explanation. Not all took advantage
of this freedom, but it existed. In the medical faculty, neurologists did
not hesitate to attribute to collective hysteria the allegedly miraculous
apparitions of the Virgin Mary in the village of Beauraing (which did
not prevent religious authorities from encouraging what they considered
a commendable manifestation of popular devotion), whereas gynecolo-
gists, while obeying Catholic morality on abortion, for example, felt no
scruple prescribing the “pill.” Religious faith, however, was not a topic
for open discussion, whatever doubts a person might privately entertain.
I kept to this rule, except with a few intimate friends.

For the better part of my academic life, I had little difficulty avoiding
controversial issues. There was no such thing as Catholic biochemistry;
I had no party line to toe in my teaching, even less so in my research.
After 1962, when I received a second appointment at the Rockefeller
University in New York, my duties in Louvain became more episodic,
largely restricted to research. Only in 1974 did I have to avoid a crisis
when I was to be hailed as a Nobelist in science who was also a faithful
son of the Church. On the whole, science kept me fully occupied, leaving
little time for wider issues, even though these always remained at the
back of my mind, kept in reserve for some later day, which, however,
appeared too far in the offing to be of immediate concern.

THE MOMENT OF TRUTH

Time has caught up with me. Unlike many of my aging colleagues, I
have given up laboratory research, ceased to advise investigators, and even
stopped following the details of my discipline, devoting increasing
amounts of my time and effort to more general problems, especially the
origin and evolution of life. From these new preoccupations to “philo-
sophical” considerations only one more step was needed, encouraged by



xil PREFACE

the “whift of wood smoke” whose memory has remained with me all my
life. Slowly and cautiously, in the course of my reflections and writings,
I moved closer to the ultimate question, managing, however, to skirt the
final issue—the G word—in double-edged sentences that could be in-
terpreted according to the reader’s fancy. Between Teilhard and Monod,
I ended up siding with Monod, but opting in favor of a meaningful
world.” Between Pascal and Voltaire, I left the choice to the reader.’

No longer am I allowed to sit on the fence, even for the laudable
intention of not hurting or shocking. This book is likely the last one I
shall write. With apologies for such grandiloquent phrasing, it is to be
my testament. I owe it to myself to express my true thoughts in it, with
as much clarity and honesty as I can muster, whatever distressful surprise
or disappointment such declarations may cause to a number of people.
To all of those, I offer my apologies for what they may view as betrayal
of my university, my colleagues, my friends, and my social milieu. At the
same time, I beg them to read my testimony with attention and empathy.
In actual fact, those who reproach me may perhaps not be as numerous
as I fear. Today’s Louvain is not the Louvain of fifty years ago. To give
just one example, a Louvain physicist has recently, without encurring
rebuke, as far as I know, made a public defense of atheism that goes
much further than my vision of what, in the book, I call “ultimate re-
ality.”* This would have been unthinkable fifty years ago.

I suspect that many intellectuals who call themselves Catholics share
my uneasiness but feel that religion is so necessary and beneficial that it
is preferable not to rock the boat. As I mention at the end of this book,
I have long felt the same and refrained from speaking out. But, as I
approach the end of my journey, I have reached the conclusion that such
an attitude is not defensible. Respect for truth takes precedence over the
regard one may have for the opinions of others.

But most of my readers presumably will have no connection with Lou-
vain University, Belgium, or the Catholic Church. I owe them an apology
for this autobiographical account filled with details of interest only to
myself. I hope they will understand, when reading the book, why I chose
to bother them with seemingly trivial reminiscences and anecdotes. Per-
haps my tale may strike a responsive chord in American readers. Whereas
the world I depict has virtually disappeared from the European scene,
the United States still harbors many fundamentalist institutions of so-
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called higher learning, in comparison with which even the Louvain of
my youth would appear munificently liberal.

ABOUT THIS BOOK

The topic of this book is the history of life, from its earliest beginnings
to the panoply of microbes, fungi, plants, and animals, including human
beings, that envelops Earth today in a colorful web of throbbing life. As
such, the book covers basically the same ground as my earlier Vital Dust.”
But there are significant differences. First, there are additional chapters,
devoted, for example, to biotechnologies and to extraterrestrial life and
intelligence. Also, the language of the present book is less technical, more
accessible than that of its predecessor. Most importantly, this book is
unambiguously focused on explanation and on meaning. Rather than
trying to describe even-handedly the present state of knowledge and to
expose existing uncertainties or conflicts with the impartiality of an un-
committed onlooker, I do not hesitate to argue matters and take sides.
Especially, I tackle for the first time—or, at least, more explicitly than
before—a number of sensitive questions, such as the role of chance in
evolution, “intelligent design,” religious beliefs, and the nature and in-
tervention of God.

In writing this book, I have stretched myself far beyond the boundaries
of my own competence. Even the greatest polymath, which I definitely
am not, could not knowledgeably cover such vast ground. But the attempt
deserves to be made and can’t be just left to philosophers, historians,
science writers, or other “generalists,” who have no personal experience
in science. Nor can the attempt be left, among those who have such
experience, solely to physicists and cosmologists, who most frequently
tend to venture into more general considerations but are often poorly
acquainted with the life sciences. For better or for worse, I have taken
the risk, apologizing to the experts for the many instances in which I
presumed to trespass on their preserves and even had the temerity to
offer my own opinion or interpretation on controversial questions.

This book is not a scholarly work in which every sentence is bolstered
by appropriate references. Citations are mostly restricted to findings or
statements of special interest, as reported in recent books or in nonspe-
cialized journals, such as Science, Nature, or Scientific American, my main
sources of information in the last few years. More complete coverage of
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the literature may be found in my earlier Vizal Dust (1995) and Blueprint
Jor a Cell (1991).° In addition, many details of more specialized nature
have been left out of the main text for easier readability and are given in
separate notes grouped together at the back of the book. Readers with
an appetite for more solid fare are referred to these notes, which can to
some extent be read as appendices.

Before closing this preface, I owe the readers one more explanation. I
have written this book more or less in parallel in my two mother lan-
guages: French, in which I was educated and most often converse; and
English, in which, being born in England, I was immersed from my
earliest childhood and which has become, for all practical purposes, my
main scientific means of expression and even thinking. A book written
in this manner is a strange chimera, not only stylistically—which can be
corrected with appropriate assistance—but also conceptually. One thinks
differently in French and in English. Readers belonging to one culture
or the other may find this somewhat disconcerting. Unfortunately, that’s
the way the author’s brain was wired.
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INTRODUCTION

Look at the five “words” below, knowing that they were written with an
alphabet of 20 letters:

ILDIGDASAQELAEILKNAKTILWNGP

GLDIGPDSVKTFNDALDTTQTIIWNGP
GLDVGPKTRELFAAPIARAKLIVWNGP
GLDCGTESSKKYAEAVARAKQIVWNGP
GLDCGPESSKKYAEAVTRAKQIVWNGP

If T were to tell you the words were typed separately by five different
monkeys, would you believe me? Not if you have taken more than a
passing glance at them. “All five words end with WNGP,” you would
point out to me, “and for monkeys hitting keyboards independently, this
cannot be.” Actually it can. But the probability of such a coincidence is
one in 655 billion billions. You would need a pretty large number of
monkeys for five of them to have a reasonable chance of coming up with
the same word ending. Surely, a more likely possibility is that the mon-
keys cheated. They copied!

Actually, the fraud is even more flagrant than appears at first sight. If
you look more closely, you will see that four other letters, in addition to
the terminal four, are the same in all five words (LD in position 2 and

3, G in position 5, and I in position 22). This lowers the odds of a
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fortuitous coincidence to one in 429,500 billion billion billion billions.
Trillions of planets like ours could not possibly provide enough monkeys.
And this is not all. Five other letters are the same in four out of the five
words (G in position 1, S in position 8, A in position 13, and AK in
positions 19-20). Even more striking, the two last words have 25 out of
27 letters in common,; they differ only in positions 6 and 17. There can
be no doubt. If monkeys there were, they most certainly did not hit their
typewriters’ keys at random.

The words shown are not inventions. They represent real things, frag-
ments of molecules called proteins, which are very long chains of up to
several hundred units called amino acids, of which 20 different kinds are
used in the assembly of the chains. Each word represents the sequence
of a 27-amino acid piece (each letter standing for a given kind of amino
acid) present somewhere in the heart of a large protein molecule con-
taining more than 400 amino acids. This protein is an enzyme, or bio-
logical catalyst, known as phosphoglycerate kinase, PGK for short. PGK
is a key participant in one of the most fundamental processes that take
place in living organisms, the conversion of sugar to alcohol (or lactic
acid), which occurs in virtually all forms of life, whether microbes of
various sorts, plants, molds, or animals (including humans).

Now comes the central piece of information, which explains why the
words serve as an introduction to this book. The five structures shown
belong to the PGKs of five widely different organisms. The first one
belongs to Escherichia coli, or colibacillus, a common microbe that we all
harbor in our gut. The others are from the wheat, fruitfly, horse, and
human PGKs, respectively:

Colibacillus:  ILDIGDASAQELAEILKNAKTILWNGP

Wheat: GLDIGPDSVKTFNDALDTTQTIIWNGP
Fruitfly: GLDVGPKTRELFAAPIARAKLIVWNGP
Horse: GLDCGTESSKKYAEAVARAKQIVWNGP
Human: GLDCGPESSKKYAEAVTRAKQIVWNGP

What our monkey parable has brought to light is that the similarities
among the PGKs of our sample organisms could not possibly be due to
chance. A possibility could be—this, no doubt, would be the “creationist”
view—that the similarities betray the intervention of a “hidden hand.”
But, in that case, why the differences? Why, for example, does the human
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sequence differ from the fruitfly sequence in twelve amino acids and from
the horse sequence in only two? No, the explanation given above for the
monkeys is the correct one. The sequences show similarities because they
were copied. And, they show differences because occasional copying mis-
takes were made. Thus, two mistakes would have been made in the horse
and human lineages, twelve in the human (or horse) and fruitfly lineages,
since their respective PGKs started being copied separately. Or, as shown

graphically:

Human

(2 mistakes)

Horse

— (12 mistakes)

Fruitfly

Make the additional assumption that it took some 40 million years,
on an average, for one mistake to be made, and you get the following:

[Muman
(80 mil. years)
Horse
— (480 million years)
Fruitfly

This, very roughly, is what paleontologists have long been telling us
on the strength of fossil evidence. Humans and horses are derived from
a common mammalian ancestor from which they diverged some 80 mil-
lion years ago. The mammals themselves and the insects (the parent
group of fruitflies) separated from a common ancestral form roughly 500
million years ago. What is new is that we can now estimate evolutionary
times in terms of copying accidents (mutations) and that we can extend
such estimates to lineages that have left no fossil remains. Also, we know
how the copying takes place. It does not involve the protein molecules
themselves, as suggested for simplicity’s sake; it involves the DNA genes
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that encode the amino acid sequences of the protein molecules. For the
purpose of our argument, it amounts to the same thing.

More will be said about this fascinating topic in Chapter 7. The main
point, for the time being, and the reason for this Introduction, is that
there is now overwhelming evidence that al/ known lLiving beings are de-
scendants through evolution from a single ancestral form of life. Many cogent
reasons support this affirmation. Its most convincing proof is provided
by the molecular sequencing results.” Even the very limited data pre-
sented in this Introduction should suffice to demonstrate the kinship
among the five organisms mentioned (which, it should be noted, include
us and the colibacilli of our intestinal tract). All the other available data—
and their number is ever increasing—have confirmed this kinship and
extended it to every other organism so far investigated. This fact is now
so well established that researchers would be overjoyed if even one ex-
ception could be found—whether on Earth or elsewhere—because it
would point to a second, independent origin for life.



1. What Is Life?

CHEMISTRY

NTIL RECENTLY,
the answer to the
question “What is
life?” posed no problem. Life, it was said, is “animated matter,” from the

Latin anima, soul. This, of course, was no explanation at all. It simply
attributed to the soul, or vital spirit, all that was not understood about
life. Nevertheless, vitalism, as this doctrine is called, maintained a foot-
hold until well into the twentieth century, often—quite misguidedly—in
connection with religious beliefs. This was especially true in France and
other French-speaking countries.

The great Louis Pasteur was a confirmed vitalist. So was the philos-
opher Henri Bergson, winner of the 1927 Nobel prize in literature and
author of L'évolution créatrice, in which evolution is depicted as propelled
by an “élan wvital,” a vital surge. It was the case also for the physicist
Pierre Lecomte du Nouy, who coined the term “zé/éfinalisme” to designate
what he perceived as the innate ability of living organisms to act pur-
posefully, in opposition to the second law of thermodynamics. When I
was a student at the Catholic University of Louvain, in Belgium, all my
biology teachers were vitalists, with the exception of the physiology pro-
fessor, Joseph Bouckaert, in whose laboratory I had the good fortune of
taking my first steps in science and who was a staunch mechanist. Which
did not prevent him from attending church every Sunday and behaving
like a perfectly good Christian. In his view, science and religion belonged
to different domains, which, exhibiting no overlap, could not contradict
each other.

Today, vitalism has few adherents,' as more and more of the remark-
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able properties of living organisms are being explained in terms of physics
and chemistry. In turn, attempts at defining life call increasingly on these
disciplines. In 1944, the Austrian physicist Erwin Schrédinger, world-
renowned for the development of wave mechanics, addressed the question
in a booklet titled What Is Life?, which was highly influential at the time.
He perceptively singled out two properties as particularly characteristic
of living beings: 1) their ability to create order out of disorder by ex-
ploiting external energy sources, feeding on what he called “negative en-
tropy”; and 2) their capacity to transmit their specific blueprint from
generation to generation, which property Schrodinger, who knew nothing
of DNA, attributed to an “aperiodic crystal.”

More recently, evolutionists, such as Britain’s Richard Dawkins, have
highlighted the paradigm of the “selfish gene,” a powerful image intended
to illustrate the notion that the genes are the ultimate targets of natural
selection. Theorists, like Stuart Kauffman, long associated with the fa-
mous Santa Fe Institute, where so-called artificial life is being created by
computers, insist on “self-organization” as a central property of life. My
Belgian colleague Ilya Prigogine sees life as an example of those “dissi-
pative structures” of which he has made a detailed theoretical study. Thus
each, depending on personal interests, biases, and training, has his or her
answer to the question “What is life?” Mine is simple.

Lire Is WaAT Is Common To ALL Livine BEINGS

This answer is not a tautology, as it allows many attributes to be excluded
from the definition of life. There is no need for green leaves, or wings,
or arms and legs, or a brain, to be alive. It is not even necessary to be
made of many cells. Hosts of living organisms consist of single cells. The
simplest among them, namely the bacteria, lack a central nucleus and
most of the other structures that can be seen inside the cells of more
evolved organisms; so those cell features are also not requisites of life.
What remains is what we humans have in common with the colibacilli
in our gut. It is still a lot.

We and colibacilli, together with all other living beings, are made of
cells, which are constructed with the same substances. We build our con-
stituents by the same mechanisms. We depend on the same processes to
extract energy from the environment and convert it into useful work.
Most telling of all, we use the same genetic language, obey the same
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code. There are differences, of course. Otherwise, we would all be iden-
tical. But the basic blueprint is the same. There is only one life. In fact,
all known living beings descend from a single ancestral form. We and
colibacilli are distant cousins; very distant, but indubitably related.

A mere 50 years ago, these notions were still very dim and backed by
little evidence. Today, it is no exaggeration to state that we know the
secret of life. In just half a century, humankind has made the biggest
leap in knowledge in its whole history. This revelation has come to us
from the advances of cell biology, biochemistry, and molecular biology.

Livine BeEings ARe MADE or CELLS

A literary person knowing nothing of biology might find this affirmation
puzzling. Indeed, the word “cell” stands for a small room, a cubicle. One
speaks of the cell of a monk or a prisoner. But what has life to do with
such chambers? The explanation is to be found in a richly illustrated
book, Micrographia, published in 1665 by the English physicist Robert
Hooke, who built one of the first microscopes. Among the images re-
produced in this work, there is a drawing of a thin slice of cork, in which
Hooke distinguishes a fine, honeycomb structure, consisting, he says, of
“microscopic pores,” or “cells.” The term has remained, to designate, not
the cavities of cork, but the small bodies that occupy them in the living
bark; it was adopted in 1837 by two German scientists, the physiologist
Theodor Schwann and the botanist Matthias Schleiden, who proposed
what is known as the generalized cell theory, according to which all living
beings consist of cells.

Another German biologist, Rudolf Virchow, drove the generalization
one step further in his classic opus Die Ce/lularpathologie (1855), in which
he writes: “Ommnis cellula e cellula” (all cells arise from cells). This was a
paraphrase of the aphorism by the celebrated seventeenth-century En-
glish physician William Harvey, discoverer of blood circulation and ex-
plorer of animal generation: “Ex ovo omnia” (all [living beings] come
from an egg).

Virchow’s rule, as it is now known, suffers no exception. Everything
that lives is made of one or more cells. And all cells come from other
cells, by growth followed by division. This applies to our cells. The cells
of our skin, our liver, our brain, and all our other organs originate, by
successive divisions, from a single cell, the fertilized egg. The outcome,
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however, is not a simple collection of identical cells, a clone of the egg
cell; it is a true organism. During embryological development, the cells,
as they undergo successive divisions, become progressively differentiated
and organized into tissues and organs. The egg cell itself arose from the
fusion of two cells, the maternal and paternal germ cells, which were
themselves decendants of egg cells. One can thus go back, by uninter-
rupted continuity, from any of our cells to the very first cells that existed
on Earth. What is true for us is true also for any other living being.
From cell to cell, all forms of life are descendants of those first cells.

How did the first cells originate from materials that were not orga-
nized as cells? How, in turn, did they give rise to the whole panoply of
living beings that populate Earth today? Those are the two central ques-
tions raised by the history of life. To them must be added one more
problem, of truly mind-boggling complexity: how does a fertilized egg
cell produce, by multiplying, a harmoniously developed organism that
closely resembles the donors of the germ cells from which that egg cell
arose? In the chapters that follow, I shall try to sketch out the still-
fragmentary answers science has, largely in the last 50 years, provided to
these fundamental questions, which raise the existential problem of our
presence here on Earth.

Cells are microscopic globules, of dimensions measured in thousandths
of a millimeter. The human body contains trillions (thousands of billions)
of cells. Of gelatinous consistency, cells have shapes that vary according
to the internal and external constraints to which they are subjected. In
the absence of such constraints, they tend to adopt a spherical shape.

To make a cell, there is first needed an envelope that serves as a border
and, like all borders, isolates what it surrounds, while providing con-
trolled entry and exit ports for the indispensable exchanges of matter that
cells maintain with the outside. These functions are carried out by the
cell membrane, a tenuous pellicle hardly ten-millionths of a millimeter
thick. As fragile as a soap bubble, which it resembles in some of its
physical properties, the cell membrane is most often, but not invariably,
protected and bolstered by an external, rigid wa//. In pluricellular organ-
isms, this wall is replaced by scaffoldings, sometimes very elaborate, that
shore up the tissues and delineate their architecture. Hooke’s original cells
were nothing but the putrefaction-resistant remnants of such
scaffoldings.

The inside of the cell is occupied by a kind of semiliquid gel, called
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cytoplasm, showing little structure in certain cells and filled, in others,
with a variety of granules, vesicles, and other entities, which constitute
distinct organelles (small organs) and functional systems. The chemical
processes that support the maintenance and growth of the cell take place
largely in the cytoplasm.

Finally, the third indispensable component of any cell is what might
be called its information center, the site in which are stored the instruc-
tions that command all that goes on in the cell and from which these
instructions are issued. This information is written, in a coded chemical
language, in one or more circular or rod-shaped structures, called chro-
mosomes. These are naked and in direct contact with the cytoplasm in
the simplest cells, those of bacteria. In the cells of more complex living
beings, the chromosomes are confined within a central enclosure separate
from the cytoplasm, the nucleus. On the basis of this distinction, the cells
of bacteria are designated prokaryotic (from the Greek karyon, kernel),
and the others eukaryotic (from the Greek ex, good).

First known by the diseases caused by some of them, bacteria are
ubiquitous. Their sizes are small, on the order of one-thousandth of a
millimeter, and their internal organization is rudimentary. They are found
in a wide variety of environments. Most have no pathogenic effect; many
are useful. It is estimated that bacteria represent, collectively, a mass
equivalent to that of all trees and other plants combined.

Other unicellular microbes exist, but of eukaryotic nature, much larger
and more complex than bacteria. Formerly subdivided into protozoa
(primitive animals) and protophytes (primitive plants), these organisms
are now grouped under the name of protists. They include the largest—
up to the point of being sometimes visible with the naked eye—and most
elaborate known eukaryotic cells. Certain severe illnesses, such as malaria
and sleeping sickness, are due to protists. Many other protists are harm-
less and proliferate in many sites. They teem in the waters of puddles
and ponds, to the delight of all those who have contemplated through a
magnifying glass these “animalcules,” thus named by Antonie van Leeu-
wenhoek, a Dutch contemporary of Robert Hooke and inventor, like
him, of one of the first microscopes.

All pluricellular organisms (that is, plants, fungi, and animals, includ-
ing humans) are made of eukaryotic cells. Mostly some 20 to 30 thou-
sandths of a millimeter in size, these cells are all constructed according
to the same general blueprint, the biggest differences being those existing
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between plant cells and the others. Within a given organism, the basic
blueprint is subject to a number of variations linked to functional spe-
cializations. The number of different cell types in an organism increases
with rising complexity. It reaches some 220 in the higher mammals,
whose developmental programs are particularly complicated.

Livine BEings ARE CHEMICAL FACTORIES

Making life is what life is all about. What is thus made bears a remark-
able similarity to what exists, leading many of those who have reflected
on the phenomenon to insist that the central characteristic of life is the
ability to follow a blueprint. This is, no doubt, an all-important feature
of living organisms, and it will be considered in the next chapter. But
blueprints are useless without builders. And life is built by chemical mech-
anisms. There can be no attempt at understanding life without the lan-
guage of chemistry. This is all the more true because even biological
information depends on chemistry. Unfortunately, few of us are familiar
with even the basic elements of chemistry, in spite of the leading role of
chemical industries in our technological civilization. Every effort has been
made in this book to avoid technical details. But for life to be made
understandable in modern terms, a minimum of chemistry has to be

included.

THE FACTORIES NEVER STOP
Growth and multiplication are the most evident manifestations of life’s
self-building property. This activity is exercised also in a steady state,
where nothing seems to change; but, in reality, construction work of all
sorts continually takes place, offsetting an equivalent degree of decay.
Indeed, breaking down life is as much a central characteristic of life as
is making it. The two activities are inseparable and, together, account for
the turnover, or renewal, of biological constituents. A bare few weeks
after their birth, cells that have not multiplied and seem entirely un-
changed start resembling those old houses that have maintained the same
shape in the course of centuries but have had many boards, bricks, tiles,
and window panes replaced.

This remarkable phenomenon and its astonishing magnitude have
been revealed by the use of radioactively labelled substances, that is, sub-
stances in which certain atoms have been replaced by their radioactive
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counterparts (isotopes), carbon of atomic mass 12 by the radioactive car-
bon of atomic mass 14, for example, or hydrogen of atomic mass 1 by
the radioactive hydrogen of atomic mass 3 (trittum).” When an organism
is briefly provided—pulsed is the technical term—with some foodstuft
containing radioactive atoms, these are found (detected by their radio-
activity) to be rapidly incorporated into some biological constituents,
from which they subsequently disappear just as swiftly, replaced by non-
radioactive atoms as soon as the labelled foodstuff ceases to be supplied.
Thus, even though the total amount of the constituents present has re-
mained constant during the time of the experiment, their dynamic state,
continually subject to breakdown and synthesis, has been brought to light
by the use of labelled foodstuffs.

What, now, about the mechanisms whereby living organisms exercise
their remarkable self-building ability? As for all chemical syntheses, three
conditions must be fulfilled: raw materials, energy, and, in almost all
cases, catalysis. In addition, a chemical factory that constructs itself must
be able to combine the products of its industry according to a definite
plan.

RAW MATERIALS
Let us first consider the case most familiar to us, our own. We derive
our raw materials from our food. This is made easy because the animals
and plants on which we feed are constructed with the same building
blocks as our own tissues. The building blocks themselves are typically
molecules of small size, made of carbon, hydrogen, and, most frequently,
oxygen. They often contain nitrogen, sometimes sulfur. The number of
atoms per molecule rarely exceeds 30, which gives molecular masses gen-
erally lower than two hundred times the mass of the hydrogen atom. For
a chemist, these are simple substances, easy to make in the laboratory.
On the whole, little more than 50 different kinds of such simple sub-
stances—mostly sugars, amino acids, nitrogenous bases, fatty acids, and
a few other more specialized compounds—account together for more
than 99 percent of the organic matter of any living being. To this must
be added water, always the principal component, and a certain number
of mineral elements, including sodium, potassium, chlorine, calcium,
magnesium, iron, copper, and a few others.

What makes the difference, say, between our foodstufts and ourselves
is the way building blocks are assembled—somewhat like pieces of a
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Lego game—into large molecules (macromolecules), mostly consisting
of long chains in which as many as several hundred pieces, if not
thousands, are joined together end to end. These chains are often folded
and twisted into three-dimensional assemblages whose characteristic
shapes are critically important for the biological properties of the sub-
stances. Both the organisms from which we derive our food and our own
tissues—as well as all other living beings—are made of substances built
according to the same general models but differing in the sequences of
the chains—that is, in the order in which various building blocks follow
each other along the chains. For this reason, and also because large mol-
ecules do not readily enter the organism, we cannot use food macro-
molecules directly. We must first dismantle them into their constituent
building blocks. This process, called digestion, takes place in the alimen-
tary tract. Intestinal absorption then transfers the products of digestion
into the bloodstream, which, in turn, conveys them to all the cells of the
body.

There, in the cells, the small molecules derived by digestion from food
macromolecules enter a kind of chemical whirlpool called metabolism, in
which thousands of reactions allow the substances present to be modified
in various ways. It is from this metabolic pool that our cellular factories
draw the materials with which they manufacture the characteristic con-
stituents of our cells and tissues. The Lego pieces are thus reassembled
into new structures proper to our organism. If, as is usually the case,
certain necessary pieces are inadequately provided, they are made from
others by metabolism, which also furnishes the energy required for the
assembly reactions and other forms of work.

Feeding, digestion, absorption, metabolism, assembly: those are the
obligatory steps in the transmutations whereby, for example, a baby
makes human tissues from cow’s milk. The same five steps allow the cow
to make milk from grass. But here the food chain reaches the end. Grass
does not eat in the usual sense of the word. It makes grass from simple
inorganic substances: water from the soil, carbon dioxide from the atmo-
sphere, a source of nitrogen, most often nitrate, and a few mineral salts,
with, in addition, the indispensable source of energy, which is sunlight.

The examples just described can be generalized. There are two classes
of living beings: those, like babies and cows, that feed on other living
beings, and those, like grass, that utilize nonliving sources. The former,
known as Aeterotrophs (from the Greek Aéteros, other, and #rophé, nour-
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ishment), include all animals and fungi and many microbes, both protists
and bacteria. All use their foodstuffs by the same mechanisms. Even
unicellular heterotrophs do so. Protists depend on special feeding pro-
cesses whereby food is internalized and digested in intracellular pockets
known as lysosomes. Bacteria digest their food extracellularly and then
absorb the digestion products.

The organisms that make their constituents from nonliving sources
are designated autotrophs (from the Greek autos, self, and trophé, nour-
ishment). Most are photosynthetic, that is, derive the energy they need
from light (phés in Greek). They comprise the pluricellular plants and
unicellular algae, which are eukaryotes, and photosynthetic bacteria. The
last two are the main constituents of phytoplankton, the vast, life-
generating solar screen that floats on the surface of oceans and initiates
the marine food chain. Some autotrophic bacteria, called chemosynthetic,
do not need light; they obtain their energy from mineral chemical re-
actions, such as the conversion of sulfur to sulfate or the production of
methane (CH,) from carbon dioxide and hydrogen. This property allows
chemosynthetic organisms to develop in unlikely ecological niches, such
as abyssal hydrothermal vents or deeply buried rocks.

Autotrophs, as well as heterotrophs, when cut off from their energy
supply (plants in the dark, fasting animals) are able to cover their needs
for a certain amount of time by subsisting on their stores (of starch or
fat, for example) and even part of their active substance. All are now
familiar with those shocking images of fleshless bodies, veritable living
skeletons, who managed to survive in the Nazi horror camps or, closer
to us today, try to subsist in regions ravaged by famine or war, awaiting
the arrival of life-saving food supplies.

ENERGY

Biological self-constructions require energy. So do the other kinds of
work—mechanical, electrical, osmotic, etc.—carried out by living beings.
In the last analysis, the main source of this energy is sunlight, which
directly supports all green plants and other photosynthetic organisms and,
by way of the alimentary chain, all the other organisms that ultimately
depend on food supplied by the photosynthetic ones. The baby fed cow’s
milk, for example, derives its energy from sunlight by way of the grass
eaten by the milk-providing cow. Only chemosynthetic bacteria (those
autotrophs that derive their energy from mineral chemical reactions) and
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the organisms that feed on them do not depend on sunlight. At present,
only a small part of the living world belongs to this category, which,
however, may be of great significance for the origin of life.

The biological utilization of light will be more readily understood if
we first look at how we and all other aerodic (living in air) heterotrophic
organisms—that is, animals, fungi, and many protists and bacteria—meet
our energy needs. The operative word is combustion; more technically,
oxidation,” the energy-producing interaction of certain substances with
oxygen. In this respect, we resemble motor cars, which run on the com-
bustion of gasoline; or heat power plants, which manufacture electricity
by burning coal, oil, or natural gas. The fuel, in our case, consists of
components of the metabolic pool (derived themselves from foodstuffs).
Here, however, the analogy ends. Vital combustions are cold; and the
energy they release is not utilized in the form of heat, a phenomenon
that would be impossible in living cells, where temperature differences
are negligible. Instead, this energy serves to drive a central chemical gen-
erator that, in turn, powers most forms of biological work. The nature
of this generator will be considered below.

In cellular combustions, as in those we are familiar with, oxygen is
used to convert the carbon of organic substances into carbon dioxide
(CO,) and their hydrogen into water (H,O). Exactly the opposite takes
place in photosynthesis." What green plants do with the help of light
energy is simply to reverse oxidations. Starting from carbon dioxide and
water, the plants manufacture a sugar of formula (CH,O);, throwing off
the excess oxygen (one molecule of O, for each molecule of CO, used)
into the atmosphere. The fuel is thus regenerated at the expense of the
products of its oxidation, the required energy being supplied by light.
Everything else, or almost, takes place as in aerobic heterotrophy—which
is the state plants change to in the dark, subsisting on their reserves.
Many photosynthetic bacteria act like plants, but a few rely on more
primitive reactions that lead to sugar synthesis without the release of
oxygen. As to nonphotosynthetic (chemosynthetic) autotrophic bacteria,
they accomplish the same kind of syntheses with energy provided by the
oxidation or other transformations of mineral substances.

The two processes—the dominant form of photosynthesis, which con-
sumes carbon dioxide and produces oxygen, and biological oxidations,
which consume oxygen and produce carbon dioxide—tend to balance
each other worldwide, so that the levels of the two gases in the oceans
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and atmosphere remain constant. In recent years, however, this balance
is being threatened by the ever-increasing consumption of fossil fuels
combined with the progressive shrinking of forested areas. For oxygen,
which represents 21 percent of the atmosphere, the disturbance is neg-
ligible. But for carbon dioxide, which makes up little more than 0.03
percent of the atmosphere, the rise caused by increased human-caused
production and lower photosynthetic consumption has already become
significant. There is increasing evidence that this phenomenon is begin-
ning to cause a warming of Earth, due to the greenhouse effect.” If the
present trend is allowed to continue, it could lead to the flooding of large
coastal areas through melting of polar ice and to other catastrophic con-
sequences for the environment. Awareness of these risks has reached
higher levels of government. But the required measures will be very dif-
ficult to take, especially in view of the growing opposition to nuclear
energy, at present the cheapest and most readily available substitute for
fossil fuel consumption.

Oxidations, though playing a preponderant role, are not the only en-
ergy-supplying reactions of heterotrophic organisms. Some organisms,
called anaerobic (living without air), can power the central generator by
means of chemical processes that do not involve oxygen, for example, the
fermentation of sugar to alcohol or lactic acid.® Some of these organisms
are facultatively anaerobic; they can develop in the presence or absence
of oxygen. Such is the case with yeasts, which (under oxygen-free con-
ditions) make most of the alcohol we consume. Even our own muscles
can be transiently anaerobic. The cramps that sometimes affect athletes
are due to the lactic acid produced anaerobically in their muscles when
these are inadequately supplied with oxygen during strenuous effort.
Some organisms, such as the bacillus of gaseous gangrene, are obligatorily
anaerobic. They can develop only in the absence of oxygen and are killed
by this substance. We shall see later that this fact is of crucial importance
for the origin and evolution of life. (It also explains why gaseous gangrene
can readily be prevented simply by incising wounds and exposing them
amply to the oxygen in air.)

What about the central generator powered by energy-yielding oxida-
tions and fermentations? It is a chemical machinery that produces a com-
pound called adenosine triphosphate (ATP), the fruit of the union of
adenosine diphosphate (ADP) and inorganic phosphate (P,). Never mind

. 7 .
the exact chemical nature of these substances.” What counts is that energy
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is required to combine ADP with phosphate; this energy is quantitatively
returned when ATP is split back into ADP and phosphate. These two
reactions serve universally in the transfer of energy from metabolism to
biological work.

Let us consider work first. Most forms of biological work are powered
by the splitting of ATP,® with the help of specialized machineries, or
transducers. Our muscles, for example, and other biological motor systems
are driven by ATP. So, most often, are the cell systems involved in the
specific import or export of substances; the generators that produce elec-
tricity in torpedo fish, electric eels, and the nervous system of animals;
the light organs of fireflies and glowworms; and, of course, all the many
chemical processes involved in biosynthetic constructions.” For those rea-
sons, ATP is sometimes referred to as the “fuel” of life. This expression
could be misleading, however. ATP is not burned, but split, to provide
energy.

As to the reactions whereby ATP is assembled with the help of meta-
bolic energy, they depend on special couplings between certain metabolic
reactions'” that produce energy and the energy-consuming creation of a
chemical bond between ADP and phosphate. The two processes are
linked in such a way that the energy-producing process cannot take place
without driving the other. A similar thing happens in our engines. There
is coupling between the combustion of gasoline and the propulsion of a
motor car or between the energy-yielding process in a power plant—be
it fuel combustion, falling water, or nuclear fission—and the rotation of
an electric generator. But those are mechanical couplings. Biological cou-
plings are chemical.

ATP is the universal vehicle of energy in the living world. Its role is
analogous to that of electricity in the economy. Electricity, produced in
central power plants and transported by conductors, drives all sorts of
machines and appliances that convert it, with the help of appropriate
transducers, into mechanical work, heat, light, and, sometimes, physical
or chemical work. With ATP, the vehicle is different—a substance cir-
culating by diffusion instead of electric current—and the couplings and
transducers are of a different nature. But the principle is similar.

CATALYSIS
Biosynthetic assemblies, metabolic transformations, and bioenergetic
couplings involve a very large number of chemical reactions, of which
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virtually none would take place if the participating substances were
merely mixed together. Living beings carry out these reactions thanks to
the mediation of specific catalysts. This term, coined by the great Swed-
ish chemist Jakob Berzelius, designates a substance that helps a chemical
reaction to take place, without itself being consumed in the reaction.
Biological catalysts are called enzymes (recalling the fact that they were
first discovered as agents of fermentation in yeast, which is called zymé
in Greek).

Enzymes do truly stupendous things! They selectively fish out, by
means of what are known as binding sites, the substances on which they
act—the technical term is substrates—from the metabolic pool, a highly
complex mixture containing up to several thousand different substances,
most of them at very low concentration. Each kind of enzyme selects its
own particular substrate or substrates from the metabolic pool. Sub-
stances thus caught end up accurately positioned with regard to another
special part of the enzyme molecule, called the active center, that brings
about their modification. This may be the splitting of a substance into
two pieces, or the joining of two pieces into a single entity, or, more
frequently, an exchange of electrons or chemical groups between two
substances. As soon as the reaction is completed, its product or products
detach from the enzyme surface, leaving the sites open for a new round.
Thousands of such cycles—the record exceeds half a million—may take
place every second on the surface of a single enzyme molecule!

Hundreds, if not more, of such reactions, each involving a different
kind of enzyme and different participating substances, take place side by
side in even the most primitive of living cells. In most cases, the products
of certain reactions serve as substrates for others, thus linking consecutive
reactions into a variety of chains, which may be linear, branched, or cyclic.
Called metabolic pathways, these chains of reactions mediate all the chem-
ical modifications that take place in cells. The metabolic pool consists
essentially of all the substrates and products of the enzymes present. A
few substances feed into this pool from the outside; a few end products
are discharged from it as waste.

Any living being is a reflection of its enzyme arsenal. We are and do
what our enzymes permit. This is so true that the absence of a single
enzyme—as a consequence of a genetic deficiency, for example—often
suffices to completely disorganize metabolism, to the point of severely
endangering survival. This is the explanation for many hereditary



20 LIFE EVOLVING

diseases, to which, in the early twentieth century, the British pediatrician
Sir Archibald Garrod gave the imaginative name of metabolic errors.
Similarly, poisons and drugs frequently owe their biological effects to
their ability to block certain enzymatic reactions.

Faced with these facts, you begin to get an idea of the power of
enzymes and their significance for life. You also wonder at the nature of
chemical structures that can create such a wide spectrum of finely tuned
configurations as make up all the various binding sites and active centers
present in enzymes and that can, in addition, have these binding sites
and active centers arranged with pinpoint accuracy in the relative posi-
tions needed for the chemical reactions to take place. Clearly, substances
capable of that kind of jugglery must belong to a class of substances with
exceptionally rich and versatile properties.

These substances are the proteins, which are, indeed, the most complex
substances found in living beings. Like other natural macromolecules,
proteins are long, very thin strings made by the linking end-to-end of a
large number—most often several hundreds—of pieces. Remember, we
saw a small fragment of an enzyme protein in the Introduction. What
makes proteins particularly complex is that 20 different kinds of pieces
serve in the making of the strings and that these pieces, which belong
to the group called amino acids, show an extraordinary variety of physical-
chemical properties. Some amino acids carry a positive electric charge,
others a negative charge, and yet others no charge at all; some attract
water molecules, others have oily affinities; some depend for their par-
ticular properties on a strategically located oxygen atom, others on a
nitrogen or sulfur atom. In contrast, rarely more than four different kinds
of building blocks, usually with similar properties, enter in the formation
of other macromolecules.

A given protein molecule owes its particular properties to the order,
or sequence, in which amino acids follow each other along the string.
Because of the many attractions and repulsions between the characteristic
chemical groups carried by the amino acids, the string most often folds
into a complex ball, in which certain groups distant from each other in
the string join on the surface of the ball into highly specific three-
dimensional configurations. This is how the binding sites and catalytic
centers of enzymes are formed. Some protein molecules retain their linear
conformation and assemble into fibers, trellises, plates, and other struc-
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tures. These proteins, many of which have no catalytic activity, play a
structural role.

An important aspect of proteins is that the existing molecules repre-
sent a vanishingly small fraction of those that are possible. In technical
terms, they occupy a vanishingly small part of the sequence space, which,
in fact, exceeds by far anything that can materially exist, or even be
imagined.” This fact is often brandished by creationists and other ad-
versaries of a naturalistic explanation of the origin of life, as proof that
some intelligent choice presided over the selection of the proteins present
in living organisms. I shall come back to this point in a subsequent
chapter.

Many enzymes act with the collaboration of specific small organic
molecules, called coenzymes, which often contain a vitamin as their active
component. In addition, enzymes frequently bear one or more metallic
elements, such as iron, copper, calcium, magnesium, manganese, molyb-
denum, or zinc, which play an essential role in the catalytic mechanism.
These facts explain the nutritional importance of vitamins and trace el-
ements. Note that we require vitamins because, contrary to the organisms
from which we obtain these substances, we lack one or more enzymes
needed for their synthesis. These are special cases of metabolic errors,
which we correct by an appropriate diet and partly, also, with the help
of bacteria present in our digestive tract, where these microorganisms
manufacture some of the vitamins we need.

A few biological catalysts do not belong to the group of proteins, but
to that of ribonucleic acids (RNA). Although few, these catalytic RNAs,
which are called ribozymes, carry out important functions, some of which
probably played a crucial role in the development of life. We shall come
back to them.

SELF-ASSEMBLY

Until now, we have only examined the basic conditions that allow living
beings to function as chemical factories. But a collection of molecules is
a far cry from a living cell, just as a heap of bricks, boards, and tiles
hardly makes a house. It remains for these pieces to be combined into
walls, doors, windows, a roof, and other parts, according to a definite
plan. Similarly, in biological constructions, the products of syntheses have
to be assembled into structural elements, such as membranes, fibers, or
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granules, which must themselves be combined into more elaborate struc-
tures, up to the formation of that highly complex organism, a living cell
(not counting the association of the cells themselves into pluricellular
organisms). In the building of a house, the construction is done by work-
ers, following a blueprint drawn by an architect. In the building of a cell,
where are the workers, where is the architect?

There are none. It all happens automatically, according to instructions
written into the structures of the molecules involved. At a first level, the
information is provided by the enzymes. These define, by the configu-
rations of their binding sites and catalytic centers, what may be termed
the manufacturing program of the living chemical factories, their cata-
logue of products, so to speak.

At the next level, assembly is guided by the structures of the molecules
thus made. Enzymatic proteins often participate in this combinatorial
game, by means of sites that are different from those involved in their
catalytic properties. They thus form complex multi-enzyme systems, or-
ganized so as to carry out reaction sequences or cycles in a coordinated
fashion. Many structural proteins devoid of enzymatic activity and other
macromolecules also take part in the self-assembly of biological
structures.

What is remarkable about these phenomena is their spontaneity. Even
though several hundred parts may be involved in the assembly of a struc-
ture, it all happens without outside instruction. The location of each piece
is inscribed in its shape, as with a piece of a puzzle, with, in addition,
sufficient attractive forces to stabilize the combinations created by chance
encounters. Just mix the pieces and allow them enough time to get to-
gether—which, at the rate of molecular collisions, rarely demands more
than a few hours—add a pinch of ATP as a source of energy and, pos-
sibly, a catalyst or two, and an object as complex as a chromosome, for
example, will form spontaneously, even in a test tube. It is as though a
puzzle could be put together simply by shaking the pieces.

The key notion here is complementarity between molecular configura-
tions that fit and interlock with each other. This phenomenon, whose
importance could hardly be overestimated, governs the combination of
pieces in self-assemblies. It also explains the selection of substrates by
the binding sites of enzymes. It is likewise involved in the interactions
between active agents, such as hormones or drugs, with their cellular
receptors, and in the recognition of antigens by antibodies in immune
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defense phenomena. We shall meet it as forming the basis of all genetic
information transfers. Complementarity is often illustrated by the rela-
tionship between lock and key, or between mortise and tenon. The image
is suggestive but only partly appropriate. Biological mortises and tenons
have over those of cabinet makers the advantage of being more flexible
and adaptable, so that they can to some extent mold themselves on each
other. In addition, they bear with them, in the form of mutual affinities,
the “glue” that helps them stick together.

The chemistry involved in these phenomena is different from that
catalyzed by enzymes. Instead of true molecules, consolidated by strong
linkages between atoms, as arise by the action of enzymes, the products
of assembly are looser associations between molecules that remain distinct
and are kept together by relatively weak forces. These are often electro-
static attractions, such as exist between entities bearing opposite electric
charges. Repulsions between charges of the same sign may also be in-
volved, keeping certain molecules or molecular parts at a distance from
each other. Often also, the kind of physical phenomenon responsible for
the fact that water and oil don’t mix plays a role in biological assemblies.
The same kinds of forces serve to stabilize the three-dimensional con-
formations adopted by proteins and other large, complex molecules.

THE CENTRAL ROLE OF PROTEINS

A conclusion emerges clearly from all that we have considered thus far:
proteins occupy a truly central position in the organization of life. As
enzymes, proteins are responsible for the vast majority of chemical re-
actions that take place in living cells, including such vital processes as
the construction of biological constituents, the interconversion of mate-
rials by metabolism, and the production and utilization of biological en-
ergy. In addition, proteins play a leading role in the self-assembly of
biological structures of a higher order. We shall see later that most of
the substances involved in regulation and in signalling are also of protein
nature.

Protein molecules owe their properties to their three-dimensional
shapes, which are themselves determined by the amino acid sequences of
their constituent chains. This leaves a key question: how are amino acids
linked to each other into protein chains according to specific sequences?

Chemically, the assembly of amino acids into proteins is carried out,
like other biosynthetic mechanisms, by specific catalysts acting with the
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help of energy provided by ATP. But, contrary to what happens in the
construction of other substances, the specificity of the catalysts does not,
by itself, suffice to ensure the correct reproduction of molecular struc-
tures. There is the additional need of a model, or zemplate, that indicates
to the catalytic systems which of the 20 available amino acids is to be
attached to the chain at each step of its elongation. Chemistry no longer
suffices; information must be added. This deserves a separate chapter.



2. What Is Life?

INFORMATION

O FAR, WE HAVE SEEN HOW LIFE PRODUCES LIFE. IT REMAINS FOR

us to see how life reproduces life, that is, produces life similar to

itself. The answer to this question is already contained in the pre-
ceding chapter. Inasmuch as the information needed to make a cell is
largely written into the amino acid sequences of its proteins, all, or nearly
all, that is required to reproduce the cell is to reproduce its proteins.

THE LANGUAGE oF LIFE

In principle, the simplest way to reproduce proteins would have been to
use them as models for their own synthesis. This is not what happens
in reality. For reasons that, as we shall see in a later chapter, tell us a
great deal about the manner in which life originated, the information
that guides the assembly of proteins is not provided by proteins but by
nucleic acids. And these are the molecules that are actually copied. Those
functions are carried out by the genetic apparatus, which, therefore,
stands at the top of the hierarchy in the organization of cells.

NUCLEIC ACIDS

Thus named because they were first discovered in the cell nucleus, nucleic
acids consist, like proteins, of very long chains of interconnected units.
Known as nucleotides, these units share a common “handle” made of a
five-carbon sugar, or pentose, and phosphate. To this handle is attached a
nitrogenous substance, called a dase, of which four different kinds are
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used. When nucleotides join to form a nucleic acid, they do so by their
handles, thus creating a backbone of pentose-phosphate repeats that is
the same for all the different assemblages. The bases attached to each
pentose unit hang from this backbone, somewhat like those flaglets
whose garlands circle used car lots or decorate the masts of ships on
festive occasions.

The sequence of bases along the backbone determines the specificity
of the molecules, their information content. A convenient image is to
compare the chains to words and the bases to letters. Just as our words
are written with an alphabet of 26 letters, we say that nucleic words are
written with an alphabet of four letters, the four canonical bases. In the
same imagery, protein molecules are depicted as words written with an
alphabet of 20 letters, the 20 amino acids that are used throughout nature
to make protein molecules. The paucity of the nucleic alphabet is com-
pensated by the relatively greater length of the nucleic words, which
generally contain many hundreds, if not thousands, of letters. For this
reason, the number of distinct nucleic acid molecules that can theoreti-
cally exist (nucleic acid sequence space) is just as unimaginably immense
as the number of protein molecules in the protein sequence space.’

There are two major kinds of nucleic acids, depending on whether the
pentose is ribose or deoxyribose. They are accordingly called ribonucleic acids
(RNA) or deoxyribonucleic acids (DNA). The four bases present in RNAs
are adenine, uracil, guanine, and cytosine. Adenine, guanine, and cytosine
are found also in DNAs, where, however, uracil is replaced by its close
chemicgl relative, thymine. These bases are often designated by their
initials.

THE CIRCULATION OF GENETIC INFORMATION
In all living beings, DNA is the ultimate repository of genetic infor-
mation. DNA molecules are the ones that are copied whenever the di-
vision of a cell requires doubling of its genetic information. And it is in
the base sequences of DNA molecules that are written the amino acid
sequences of proteins. Thus, the copying of proteins, which we have seen
is the key prerequisite of reproduction, takes place by way of the copying
of their DNA blueprints.

The relationship between the two sequences is simple. The amino acid
sequences of proteins are dictated colinearly (in the same order) by the
base sequences of the DNA molecules, each successive triplet of bases
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coding for a given amino acid. Such coding base triplets are termed
codons, and the table of correspondences between codons and amino acids
is called the genetic code.” The need for codons of at least three bases is
evident, since there are 20 different amino acids in proteins, and only
four distinct bases in DNA. Were codons made of two bases, only 16
distinct combinations would be possible, which is still insufficient. With
codons of three bases, the number of combinations is 64, which is ex-
cessive. In practice, 61 of the 64 triplets are used as codons, which means
that several different codons (up to six) may code for the same amino
acid. The three other triplets serve as chain termination signals.

DNA does not itself direct the assembly of proteins. It does so by way
of RNA molecules, appropriately termed messenger RNAs (mRNAs),
whose base sequences are dictated by those of the corresponding DNAs.
The DNA-encoded synthesis of RNA is named #ranscription, as the two
alphabets are very similar (A, T, G, and C for DNA; as opposed to A,
U, G, and C for RNA). The step from RNA to protein, which involves
two entirely different alphabets—20 amino acids for only four bases—is
understandably termed #ranslation. The copying of DNA is called
replication.

Three processes, therefore, participate in the circulation of genetic in-
formation: replication, in which the information is transferred from DNA
to DNA; transcription, in which it goes from DNA to RNA; and, finally,
translation, in which it moves from RNA to proteins. Note that only
information is transferred in this way. The actual chemical processes in-
volved in the making of the information-bearing DNA, RNA, and pro-
tein molecules are, like all biosynthetic mechanisms, catalyzed by specific
enzymes and energetically supported by ATP. The function of the nucleic
acids is to tell the synthetic machineries which of the four nucleotides or
which of the 20 amino acids is to be inserted at each step in the assembly
process.

The relationships just outlined are of universal significance. In all
known living beings, the genetic information is stored in the base se-
quences of DNA molecules, reproduced by replication of this DNA, and
expressed by way of the RNA and protein molecules synthesized accord-
ing to the information held by the DNA. The sum total of the DNA of
an organism is called its genome; it is subdivided into units called genes,
each of which may be said, in rough approximation, to code for a distinct
protein chain (except the few genes coding for functional RNAs, see
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below). The colibacillus genome contains about three million bases, that
is, roughly the equivalent of ten times the number of letters in Schro-
dinger’s “What is Life?” The human genome, which made headlines when
its complete sequence was announced in February 2001, comprises some
two thousand times this amount. For its recording—the task has, of
course, devolved to a computer—about three hundred volumes of a good-
size dictionary would be needed, enough to occupy some 20 meters of
shelf space in a library. It is enormous; and, at the same time, it is also
very little, considering that all the instructions that specify a given human
being, from conception to death, are condensed in some three hundred
books. These are reduced, by the marvel of molecular miniaturization,
to about two meters of DNA, coiled inside a small sphere of one-
hundredth of a millimeter in diameter, the cell nucleus.

A few of the RNA molecules transcribed from DNA are not translated
into proteins, that is, do not serve as messengers. They play a functional
role, notably in protein synthesis and in certain forms of RNA processing.
These functional RNAs are the catalytic RNAs, or ribozymes, mentioned
in the preceding chapter. Thus, the information inscribed in DNA directs
all cellular activities, mostly through the proteins synthesized by the
translation of messenger RNAs, and for a small part by way of functional

RNAs.

LIFE'S ROSETTA STONE

Bearing the same message carved in three different languages, the Rosetta
stone helped the French Egyptologist Jean-Frangois Champollion to de-
cipher the Egyptian hieroglyphs in the early nineteenth century. A de-
coding feat of incomparably greater consequence was accomplished in
1953, when the American James D. Watson and the Englishman Francis
Crick discovered the double-helical structure of DNA, possibly the
greatest breakthrough ever made in the understanding of life. Adopted
as a logo by numerous scientific institutes and biotechnology companies,
the “double helix” has become the symbol of the biological revolution of
the second half of the twentieth century. In reality, the helicoidal shape
of the structure is, in itself, unimportant, a simple consequence of the
fact that DNA chains are naturally twisted and thus wind spirally around
each other when they join. The truly significant aspect of the discovery
is the “double” part, the fact that two DNA chains are associated and,
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especially, the reason for this association. The two chains, as brilliantly
surmised by the famous team, are mutually complementary.

The first hint that this may be so came from analytical measurements
carried out in the late 1940s by the American chemist of Austrian origin
Erwin Chargaft, who worked out techniques for determining each of the
four bases present in DNA. Applying these techniques to DNA samples
of diverse origins, Chargaft found that the relative content of A was
always equal, within measurement errors, to that of T, and that of G to
that of C. With the characteristic caution of a chemist, Chargaff con-
tented himself with recording this fact as odd and possibly significant,
leaving it to Watson and Crick to make the imaginative leap from num-
bers to structure. Knowing, from the work of physicists using a technique
known as X-ray crystallography, that DNA fibers were probably made of
two helically coiled strands, the two investigators put physics and chem-
istry together and proposed that the two strands of the double helix are
held together by their bases, with A in one of the two strands always
joined to T in the other, and with G and C always similarly joined."
This hypothesis thus accounted in one shot for the equalities discovered
by Chargaff and for the double-stranded structure of DNA.

Watson and Crick were able to bolster their proposal by means of
scale models of the molecules involved. They found that A and T, on
one hand, and G and C, on the other, indeed have complementary
shapes, fitting each other like two pieces of a puzzle. This image is par-
ticularly appropriate, as the bases really are shaped like flat pieces with
interlocking edges, with the additional participation of weak electrostatic
attraction forces that stabilize their association. Called dase pairing, this
association is the most far-reaching example of the phenomenon of struc-
tural complementarity mentioned in the preceding chapter and illustrated
by the lock-and-key or mortise-and-tenon relationship.

Base pairing is also involved in the structure of RNA, except that the
base complementary to A is U, not T. Physically, this amounts to the
same thing, since T and U have exactly the same profile in the part of
their edge where they join with A. Contrary to DNA, however, RNA
exists only exceptionally in double-stranded form (in some rare viruses),
because RNAs most often arise as single strands, transcribed from only
one of the two DNA strands. Nevertheless, because of the frequent pres-
ence of short sequences complementary to sequences located further
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along the same strand, RNA chains fold into numerous loops cemented
by short, helicoidal, double-stranded segments. This creates bizarre, tor-
mented shapes, which allow RNA molecules to accomplish a much wider
gamut of functions than the uniformly shaped fibers of double-stranded
DNA. In particular, a number of RNA molecules display catalytic prop-
erties of major importance, as we shall see. These ribozymes, already
mentioned in the preceding chapter, are the only biological catalysts that
are not of protein nature.

An important feature of the Watson-Crick double helix is that its two
strands contain the same information in what may be termed, borrowing
the expression from photography, positive and negative forms. Knowing
the sequence of one strand, one can readily derive the sequence of the
other, simply by applying the magic base-pairing formula: A =T ; G =
C. For example, if one strand should contain the sequence A-G-T-G-
C-A-G, one can deduce that the other strand must have (in antiparallel
fashion, see note four, the complementary sequence T-C-A-C-G-T-C.
This fact does not just explain the regular double-stranded structure of
DNA; it has a much more profound significance.

As Watson and Crick already suggested in their original paper, in a
sentence coyly introduced by the expression “it did not escape our notice,”
base pairing accounts for DNA replication; it is the mechanism whereby
an existing DNA strand, serving as template, commands the insertion of
building blocks (nucleotides) in a newly forming strand. At each step,
the base presented by the template to the DNA-synthesizing machinery
imposes, by pairing, the choice of the nucleotide containing the comple-
mentary base among the four that are available. If the base presented by
the template is A, T is added; if it is T, A is added. Similarly G com-
mands the selection of C, and reciprocally. In other words, instead of
copying DNA as would a Xerox machine, cells construct positives on
negatives, and vice versa, as in photography. With each of the two strands
of a DNA double helix serving as template, the end result of the process
is two identical double helices. Thanks to highly elaborate “proofreading”
mechanisms, this process is of incredible fidelity: one wrongly inserted
base in about one billion. It is as though a typist copied the whole Concise
Oxford English Dictionary more than one hundred times, making only
one mistake! Note that this still amounts to about a half dozen mistakes
every time a human cell replicates its genome before dividing. We shall
see the significance of these mistakes for evolution later.
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The transcription of DNA into RNA takes place in the same way,
except that the newly formed chain contains ribose (the R of RNA)
instead of deoxyribose, and that the base inserted opposite A is U, not
T. If, for example, the DNA sequence considered above, A-G-T-G-C-
A-G, serves as template in the assembly of RNA (transcription), the
resulting RNA sequence will be U-C-A-C-G-U-C, complementary, in
RNA language, to that of the template.

Similar reactions can occur also with RNA as template. In RNA rep-
lication, A in the template commands the insertion of U, and U that of
A, whereas in the reaction known as reverse transcription (synthesis of
DNA on an RNA template), A commands the insertion of T, and U
that of A. In all cases, G and C code mutually for each other. For
example, with the sequence U-C-A-C-G-U-C as template, the product
of replication will be A-G-U-G-C-A-G, and that of reverse transcription
A-G-T-G-C-A-G. These reactions do not take place in normal cells;
but they occur in cells infected by certain wiruses.

Viruses are infectious, submicroscopic entities that are incapable of
independent life but can enter certain cells, where the virus particles are
reproduced with the help of local machineries. The simplest kind of virus
consists of a small genome encased within a protein coat. The function
of the coat is to bind to the target cell surface in such a way that the
genome slips into the cell. This genome codes for the coat proteins and,
sometimes, for an enzyme. Once inside a cell, the viral genome becomes
introduced into the cell’s genetic circuits, with the consequence that the
viral proteins are synthesized and the viral genome is replicated. Together,
these two components self-assemble into new viral particles, which leave
the attacked cell, often after the latter’s destruction, to invade new cells
and continue multiplying and perpetrating their ravages. Viruses may be
viewed as cell parasites reduced to their simplest expression; they borrow
everything from the cell they parasitize, adding only what is needed to
ensure their own faithful reproduction.

Many viruses have a genome made of DNA like that of the cells they
invade. But some have an RNA genome. Replication of the latter is
accomplished by enzymes that do not exist in the host cell but are syn-
thesized by it following instructions provided by the viral genome. There
are two kinds of such enzymes. Some catalyze the direct replication of
the viral RNA. As an example, the virus that causes poliomyelitis relies
on such an enzyme for its multiplication. In other instances, the RNA
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is replicated indirectly, by way of DNA. The RNA is first reverse-
transcribed into DNA, which is then transcribed back into RNA. Among
those retroviruses, as they are called, are several carcinogenic agents and
the infamous HIV virus, which causes the deadly acquired immunode-
ficiency syndrome (AIDS).

In summary, the base-pairing rules derived from the Chargaft equal-
ities—A = T or U; and G = C—account for all biological transfers of
information between nucleic acids. Whether DNA or RNA is made,
whether DNA or RNA serves as the template, positives are, by base
pairing, always assembled on negatives, or vice versa. The whole of ge-
netic continuity in the entire living world is governed by two almost
absurdly simple rules. Nothing could illustrate better the awesome power
of structural complementarity. But this is not all. Base pairing also plays
a determinant role in the mechanisms whereby, in protein synthesis, the
base sequences of messenger RNAs specify the amino acid sequences of
the proteins being assembled.

THE ASSEMBLY OF PROTEINS

Amino acids have in common a basic molecular skeleton characterized
by the two groups, amine and acid, to which they owe their name. To
this common skeleton is attached a specific group, which is different for
each of the 20 amino acids that are used universally for the synthesis of
proteins. In the long chains that make up proteins, the amino acids are
linked by bonds, known as pepzide bonds, in which the acid group of one
molecule joins with the amine group of its neighbor, the union being
stabilized by the loss of a water molecule. In the synthesis of such as-
semblages, the amino acids are, one by one, hooked on to the growing
chain.

This process takes place in all living cells on small particles called
ribosomes. These are tiny egg-shaped entities, about twenty-millionths of
a millimeter in mean diameter, consisting of roughly equal amounts of
protein and RNA. All ribosomes in a cell are the same. Their main
function is to seal peptide bonds between amino acids. In this function,
they have no preference. Presented with any kind of amino acid, they
will hook it on, irrespective of its nature, if it is provided with the re-
quired energy (activated), and offered in the right orientation. It is in-
teresting and, as will be seen, highly significant that this activity is cat-
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alyzed by a ribosomal RNA (rRNA), not by a ribosomal protein. This is
one of the rare known cases of ribozyme involvement.

The nature of the amino acid to be attached to the growing protein
chain at each step of the assembly process is dictated by messenger RINAs,
which are themselves transcribed from DNA genes. The messenger RNA
runs through the ribosome, much like a tape through a cassette player.
The message is read, as already mentioned, by triplets of bases, or codons,
each codon corresponding to a given amino acid according to the genetic
code. As is done with a tape by a cassette player, but more jerkily, the
ribosome moves the messenger RNA codon by codon, with a shift such
that each codon arrives in turn at the catalytic site of the ribosome, where
a peptide bond is formed between an appropriately presented amino acid
and the growing chain. There, the codon dictates which of the 20 avail-
able amino acids is to be attached to the growing chain by the ribosomal
machinery.

The choice of amino acids by the codons is not made by a direct
interaction between the two entities. It occurs indirectly by way of special
RNA molecules called fransfer RNAs (tRNAs). The function of these
molecules is to carry the amino acids and to bring them to the catalytic
site on the ribosome, ready to be attached to the growing protein chain.
Some 70 to 80 nucleotides long, tRNAs have a typical cloverleaf struc-
ture. The carried amino acid is attached to the end of the molecule
corresponding to the leaf’s stem. At the other end of the structure, form-
ing what appears like the curved edge of the middle leaflet, there is a
specific triplet of bases complementary to a codon characteristic of the
carried amino acid and called anticodon for this reason. It is this anti-
codon, not the carried amino acid, that is recognized by the codon of
the messenger RNA. A transfer RNA loaded with its amino acid can be
positioned on the ribosome in a configuration that allows the amino acid
to be attached to the growing protein chain only if its anticodon fits, by
base pairing, with the codon presented by the messenger RNA on the
ribosome. This is how amino acids are chosen, by the mediation of the
anticodons of the transfer RNAs on which they are carried.’

A key feature of this mechanism is that the recognition step whereby
the amino acid is selected occurs entirely in RNA language, following
base-pairing rules. The messenger RNA codon does not “see” the amino
acid itself, but only the anticodon of that amino acid’s transfer RNA.
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This is so true that if an amino acid is chemically converted to another
after it has been attached to its specific transfer RNA, the synthesizing
machinery will be fooled; it will wrongly add the modified amino acid,
obeying only the information provided by the transfer RNA anticodon.

For the reason just stated, the correctness of protein assembly depends
critically on the fidelity of the mechanism whereby amino acids are at-
tached to the appropriate transfer RNAs. The selection of these two
components is carried out by the enzymes that catalyze their bonding.
These enzymes fish out from the metabolic pool, by means of specific
binding sites, “their” amino acid and “their” transfer RNA and join them
together with the help of ATP, thereby at the same time ensuring the
energetic activation that was mentioned above. These enzymes, of which
there are exactly 20 different kinds, one per amino acid, are the only
“bilingual” entities in the machineries of life. Each of them contains,
written into the binding sites that specifically select the amino acid and
the transfer RNA, one line of the genetic dictionary.” They are collec-
tively responsible for the actual translation from RNA language (anti-
codon) to protein language (amino acid), all other operations being per-
formed exclusively in RNA (or DNA) language. The fidelity of
translation depends crucially on this specificity. If one of the enzymes
involved makes a “mistake,” picks the wrong amino acid or the wrong
transfer RNA, there will be an error in the sequence of the protein chain.
It must be added that the fidelity of translation is further contingent on
the exactitude of anticodon-codon pairing. Mistakes of this kind, al-
though relatively frequent, are not as harmful as one might suspect. They
do not prevent a large majority of correct molecules from being made.
Furthermore, cells have developed remarkable mechanisms for recogniz-
ing and eliminating faultily assembled proteins.

THE ENIGMA OF SPLIT GENES

In 1977, two investigators working independently in two different Amer-
ican laboratories, the American Phillip Sharp and the Englishman Rich-
ard Roberts, made one of the most stunningly unexpected discoveries
ever made in biology. Never mind what they were investigating. What
they found had nothing to do with their expectations and appeared al-
most unbelievable at first sight: many genes do not, contrary to a view
considered so self-evident that its opposite was not even envisaged, con-
tain uninterrupted blueprints of proteins. They consist of pieces, called
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exons because they are expressed, separated by intermediary pieces, called
introns for this reason, which are discarded. Imagine the preceding sen-
tence written: “They consist of pixgsrajiodeces, called exons because they
are expressed, separated by interfrgmkrwkyaeixmediary pieces, caluty-
oavbmled introns for this reason, which are disgzyhnesgcarded.” Such split
genes are integrally transcribed into premessenger RNAs, which are then
processed in such a way that the introns (italicized) are excised and the
exons spliced together into the final message; somewhat like the way
films are edited in the cutting room. One remains perplexed by this
complication, which obviously introduces additional sources of errors into
the genetic machinery. That gene splicing exists clearly indicates that it
plays, or has played, a highly useful role. Otherwise, one would expect
it to be eliminated by natural selection.’

On the contrary, there are good indications that split genes may have
something to do with vertical evolution toward increasing complexity.
Almost totally absent in bacteria and protists, split genes are present in
pluricellular plants and animals, being more numerous in the so-called
higher organisms than in the lower ones. Scientists are, however, deeply
divided on the interpretation to be given to this fact. Interestingly, several
small RNA molecules participate in the cutting and splicing of RNA
transcribed from split genes. This, next to protein synthesis, is another
major instance of ribozyme involvement.

THE “CENTRAL DOGMA”

All the discoveries of modern biology show that proteins can be repro-
duced only by way of the corresponding nucleic acids. Direct copying of
a protein molecule has never been observed. Neither has the reverse
translation of a protein sequence into a nucleic acid sequence. The trans-
fer of information between nucleic acids and proteins is strictly one way.
This is what Crick has called the “central dogma.” One would prefer the
term “postulate” or “rule.” Dogmas have nothing to do with science. In
any event, Crick’s central dogma does seem to have the character of a
nontransgressable law.

A consequence of the central dogma is that an acquired modification
of a protein cannot be transmitted to offspring, because the information
cannot be transferred to the gene coding for that protein. This, as we
shall see in Chapter 7, is a major reason for rejecting Lamarck’s theory
of the inheritance of acquired characters. Although undoubtedly correct
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in the vast majority of cases, this inference may not be entirely valid. It
is possible that certain shapes are hereditarily transmitted by contact,
rather than by genes.

CONTINUITY OF SHAPES

We have seen in the preceding chapter the role played by spontaneous
self-assembly in the formation of cellular structures. Note, however, that
the cellular factories do not build copies of themselves next to themselves
or in a separate compartment. They grow harmoniously and then divide.
So do many intracellular entities. It may happen, in such cases, that
existing structures affect the manner in which certain self-assembly pro-
cesses take place. Membranes, those tenuous films that envelop all cells
and partition many into numerous distinct compartments, are a charac-
teristic example.

Biological membranes are constructed from proteins and from special
kinds of lipids (fatty substances). Leaving aside the nature of the mole-
cules involved, the important point is that such structures never arise de
novo; their assembly always takes place by accretion, that is, by the inser-
tion of additional materials into a pre-existing membrane. In this process,
some materials are taken up because they fit into the existing structure;
others are left out because they don’t fit. The membrane thus selects the
inserted materials. Just as there is a continuity from cell to cell, going
back to the first cells ancestral to all forms of life, there is a similar
continuity, from membrane to membrane, to the membranes of those
primitive cells. This has led the German-American biologist Gunter Blo-
bel to paraphrase Virchow’s aphorism, omnis cellula e cellula (Chapter 1),
by: omnis membrana e memébrana, all membranes come from membranes.
In view of these facts, the possibility that changes in membrane shape
acquired during the life of a cell may be transmitted to the cell’s descen-
dants deserves to be contemplated.

A more subtle kind of shape transmission has been highlighted by the
discovery of prions, which are infective agents responsible for several grave
diseases, including bovine spongiform encephalitis (BSE), or mad cow dis-
ease, and its human counterpart, Creutzfeldt-Jakob disease. BSE made
headlines when it broke out in Great Britain in the early 1990s, because of
the risk of its transmission to human subjects. As this book is being writ-
ten, the threat has, if anything, become greater and caused drastic measures
to be decided in Europe. Prions were first taken for viruses, until the
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American investigator Stanley Prusiner showed them to be made exclu-
sively of proteins, without the accompaniment, invariably found in viruses,
of nucleic acids providing the information for their reproduction.

Proteins that are reproduced without nucleic acids! A major heresy is
suggested, a faulting of the central dogma. Things, fortunately, are not
so bad. It is now known that prion proteins exist normally in the organ-
isms they infect, where they are reproduced in a perfectly orthodox fash-
ion, by the expression of local genes. But what is reproduced in this way
is only, as for all proteins, the amino acid sequence of the molecule. What
is changed in the prion, compared to the normal protein, is the three-
dimensional conformation the amino acid chain adopts in folding. And
what makes a prion infectious is that the wrongly folded protein is ex-
ceptionally resistant to factors such as heat, dessiccation, or enzymatic
degradation, and that it can confer its defective shape to the normal
protein by contact. The abnormal protein deposits responsible for the
grave cerebral lesions characteristic of prion diseases are believed to arise
in this way. This, at least, is the explanation defended by Prusiner, which,
vigorously contested at first, is now widely accepted.

It is conceivable that the phenomenon disclosed by pathology may
have a physiological counterpart and that certain normal protein confor-
mations also may be transmitted by contact. The future will tell. At
present, the possible importance of hereditary transmission by continuity
of shapes cannot yet be assessed. Neither is it known to what extent
accidental modifications of shapes may be similarly transmitted. But such
possibilities deserve to be kept in mind.

LEessons or LirFe

At the end of this, perforce, highly condensed and simplified description
of the main properties of life, three conclusions emerge. First, /ife is one.
Already made clear in the Introduction, this affirmation is reinforced by
all that has been seen. All the known living beings that subsist, grow,
and reproduce on this planet—the trees and the flowers, the fungi and
the mushrooms, the extraordinary richness of animal life, in the waters,
in the air, and on land, including human beings, together with the im-
mensely varied world of invisible bacteria and protists—all maintain and
propagate themselves by the same mechanisms, no doubt inherited from
a common ancestral form. The revelation is awe-inspiring. So is the
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realization that the unrelenting human urge to understand has, just in
our times, disclosed life’s secrets for us.

Second major conclusion: /ife is chemistry, to which must be added
physics to the extent that physical chemistry is involved in such phenom-
ena as nerve conductance or membrane potentials. This point has already
been made early in the preceding chapter. All that followed has but
strengthened it. Our explanations of life invariably call on molecular
structures and interactions. The language of life is the language of
biochemistry.

This truth tends to be overshadowed nowadays by the advances of
genetics and molecular biology. The language of genetics is so appealing
in its simplicity, so easily accessible to the layperson, that the realities
behind it are no longer always taken into consideration. Many practi-
tioners of molecular or evolutionary biology pursue their activities with-
out calling on biochemical concepts, of which they are sometimes sur-
prisingly ignorant. In their computer simulations, theoretical biologists
replace molecular structures by symbols, and chemical reactions by al-
gorithms. Such exercises can be useful and illuminating. But to call their
outcome “artificial life” is misleading. If life is ever created artificially, it
will be in a test tube, not in a computer.

This point will become evident when we consider the origin of life.
Just as we cannot possibly understand life without chemistry, we must
perforce look at its origin in terms of chemistry. In this chapter, I have
done my best to avoid technicalities, so as to reach the largest possible
number of readers, while trying, nevertheless, not to cross the boundary
beyond which simplification becomes misrepresentation. Those readers
who still found the going rough are encouraged to renew or improve
their acquaintance with chemistry. Twenty-first-century culture mandates
a minimum of chemical literacy. An elementary initiation to this disci-
pline has become indispensable and should be part of the cultural assets
of every individual.

The third lesson we can draw from this survey concerns the central
role of RNA and related nucleotide derivatives, in particular ATP, in the
common blueprint of life. This is particularly true of the synthesis of
proteins, where all the main functions are carried out by RNA molecules:
ribosomal RNAs, transfer RNAs, and messenger RNAs, not counting
the small RNAs involved in gene splicing. To be sure, many proteins are
implicated as well, in particular the “bilingual” enzymes that attach amino
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acids to transfer RNAs. Nevertheless, the central role of RNAs in protein
synthesis suggests strongly that, under the primitive conditions when
proteins were only starting to be made, the machinery involved may have
consisted exclusively of RNA molecules. This point will be discussed in
greater detail in Chapters 4 and 5. But before we get to this question,
we must first take a look at the cosmic and planetary conditions that

formed the cradle of life.



3. Where Does
Life Come From?

HAT WAS THE

ancestral ~ form

from which all
known living beings de-
scend? When did it appear?
Where did it come from? At the time of my youth, the possibility of
answering those questions was so remote that very few biologists both-
ered to ask them. Vitalists, of one ilk or another, felt the questions to be
unanswerable by science. Even those biologists, probably a majority, who
believed that life must have arisen spontaneously by purely natural phe-
nomena, theoretically accessible to research, mostly considered these phe-
nomena unknowable in the existing state of science and not worth in-

vestigating. I remember hearing, at the Third International Congress of
Biochemistry held in Brussels in 1955, a lecture by the acknowledged
pioneer of origin-of-life studies, the Soviet biochemist Alexander Oparin,
whose book titled 7%he Origin of Life on Earth was first published in 1924.
Prefaced by the ritual homage to Stalin, his exposition struck me as
laughable, if not suspect of sinister, Marxist connotations. It seemed to
me futile to look for the origin of something of which almost nothing
was understood.

Things have greatly changed. Today, hundreds of distinguished inves-
tigators devote their efforts to the origin of life. They have their own
society, congresses, and journals. Some of their books are bestsellers. The
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domain has ceased to be ridiculous. On the contrary, it has become,
thanks to many discoveries, thanks, especially, to immense advances in
our understanding of life, one of the most exciting research topics of our
time.

TuaE Last Common ANcesTor oF ALL Lire Can Be
ReconsTrRUCTED FROM ITS DESCENDANTS

In Chapter 1, life was defined as what is common to all living be-
ings. At first sight, one would expect this definition to apply almost
unchanged to the last common ancestor of all life on Earth, from which
all those shared properties presumably were inherited. Things, however,
are not so simple; and the properties of the last universal common an-
cestor (LUCA) have become a subject of intense speculation and
discussion.

The main difficulty comes from the possibility that certain genes may
have arisen later in a given evolutionary line and subsequently entered
the other lines by horizontal transfer, that is, transfer between different
species (vertical transfer being that occurring within a species by the
normal mechanisms of heredity). Present evidence suggests that this is a
widespread phenomenon in the bacterial world. Some genes transferred
in this way, although present in all living beings, could have been absent
in the LUCA. This possibility is real but can only apply to the very early
days of life, when few species existed and they occupied the same envi-
ronment. A species isolated from the others could no longer receive genes
from them. Its progeny would lack the genes in question. Indeed, to be
common to all forms of life, properties acquired by horizontal gene trans-
fer must have been gained by all the lineages that have left descendants
until our time.

The same objection applies to the possibility that certain genes that
were not present in the LUCA arose later, in separate lines, by convergent
evolution. Such a phenomenon, if it occurred at all, could obviously be
of significance only when very few distinct evolutionary lines still existed.
The more numerous the lines, the smaller the probability of convergent
evolution endowing all with the same gene.

A more likely possibility is that certain genes that were present in the
LUCA were subsequently lost, during evolution, by a number of lines.
Thus, the absence of a property in some present-day organisms in no
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way proves that this property did not exist in the LUCA. This is an
important point, but it leads only to our underestimating the properties
of the LUCA. Taking only those properties that are common to all
known living beings, we have a pretty comprehensive picture of the
LUCA. The only caveat is that the LUCA was, perhaps, not a single
organism, but, as has been suggested, a collection of organisms sharing
a common pool of genes that were freely exchanged by horizontal
transfer.

With due regard to these uncertainties, we have enough information
to sketch a portrait of the ancestor likely to resemble the actual ancestor
fairly faithfully. First, it was manifestly a cellular organism, almost cer-
tainly unicellular and, for evident reasons of simplicity, prokaryotic rather
than eukaryotic.' It possessed the minimum characteristic attributes of
all cells, to wit a peripheral membrane, perhaps supported by an external
wall; a cytoplasm, site of metabolism; and a chromosome, vehicle of
heredity.

The metabolism of the common ancestor must have involved at least
several hundred distinct chemical reactions, catalyzed by protein enzymes
already assisted by the main coenzymes known today. These reactions
must have included some of the metabolic pathways present in the great
majority of extant organisms, notably certain key anaerobic fermentation
pathways, as will be mentioned later. ATP no doubt was the ancestor’s
main energy vector. Its genes were made of DNA, which was replicated,
transcribed, and translated according to the same complementarity rules
and genetic codes as prevail today. Its proteins were synthesized on typical
ribosomes, with the help of the three kinds of RNA now involved in
this process. In short, the last common ancestor of all life on Earth may
not have been very different from some present-day bacterium. Some
important gaps, however, remain in this hypothetical picture.

First, did the primitive ancestor manufacture its own foodstuffs or did
it derive them from outside? In technical terms, was it autotrophic or
heterotrophic? At first sight, one would expect it to be self-sufficient.
But this is not necessarily so. We shall see that the primitive Earth may
have been abundantly supplied with organic substances of nonliving or-
igin, from which the first forms of life are suspected to have arisen.
Therefore, these forms may well have been heterotrophic, feeding on
those substances or, alternatively, on coexisting autotrophic forms that
subsequently disappeared without leaving descendants. However, such
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situations, if they ever existed, can only have been temporary. Autotrophy
must necessarily have developed in a stable form before available food
supplies were exhausted. Otherwise, life would have become extinct. The
question is whether the primitive ancestor already was self-sufficient, or
whether autotrophy arose later in some of its descendants. Scientists re-
main divided on this issue.

Another question concerns the energy source exploited by the primi-
tive ancestor. One can rule out oxidation, whether of organic or mineral
substances, as all the available evidence points to the atmosphere of the
primitive Earth as containing little or no oxygen, which is a by-product
of biological photosynthesis. The primitive ancestor, therefore, was
adapted to life without oxygen—it was anaerobic—and it most likely
depended on the kind of fermentations, such as the conversion of sugar
to alcohol or lactic acid, that sustain anaerobic life today. This hypothesis
is all the more plausible because fermentation systems exist in the great
majority of living beings and involve energy-retrieval mechanisms that
are simpler than the oxidative processes.

A heterotrophic organism could have subsisted on such reactions. But
we have seen that the primitive ancestor may well have been autotrophic.
Here we have a choice between two known forms of autotrophy: pho-
tosynthesis, which derives its energy from light, and chemotrophy, which
depends on mineral chemical reactions. The latter are mainly oxidations,
but some exist that do not require oxygen, for example, the formation of
methane from carbon dioxide and hydrogen. Several hydrogen-
generating processes are known that could have taken place in the oceans
or in the soil of our young planet and could have supported such a
metabolism.

This leads to a last question, closely related to the preceding one: what
type of environment was occupied by the last common ancestor? The
organism most likely lived in water. But at what temperature? At the
surface or deep down? If it was photosynthetic, its habitat must perforce
have been on the surface and, hence, temperate. However, there has been
considerable interest lately in the possibility that life may have originated
in deep, very hot waters, such as are found in volcanic geysers and, es-
pecially, in those deep-sea hydrothermal vents (black smokers) that spew
high-pressure jets of overheated water, laden with mineral elements,
through cracks opening at the bottom of oceans. In the last few years,
these sites have been found to harbor a number of strange bacteria
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adapted to very high temperatures, sometimes exceeding 100° C. Ac-
cording to molecular sequencing studies, these organisms are among the
most ancient known. We shall see later the possible significance of these
findings (see Chapter 8).

A striking feature of our reconstructed portrait of the primitive an-
cestor is its modern character. Should this organism be encountered to-
day, it might well not betray its immense antiquity, except by its DNA
sequences. It must necessarily have been preceded by more rudimentary
forms, intermediate stages in the genesis of the elaborate structural, meta-
bolic, energetic, and genetic systems shared by all present-day living be-
ings. Unfortunately, these forms have left no similarly primitive descen-
dants that would allow their characterization. This lack greatly
complicates the problem of the origin of life.’

LirE APPEARED ON EARTH NEARLY
Four BirLioN YEARrRs Aco

The Earth was born about 4.55 billion years ago. It condensed, together
with the other planets of the solar system, within a disk of gas and dust
whirling around a young star that was to become our Sun. Phenomena
of extreme violence, incompatible with the maintenance of any sort of
life, surrounded this birth. For at least a half billion years, comets and
asteroids battered the forming Earth, rendering it incapable of harboring
life during all that time. Some impacts may even have been sufficiently
violent to cause the loss of all terrestrial water by vaporization, following
which the oceans would have been replenished with water brought down
by comets. According to this version of events, present oceans would
date back to the last wave of intense cometary bombardment, which
experts believe took place some four billion years ago. There are signs
that life was present on Earth soon after these cataclysms came to an
end.

Fossilized remnants of typical bacteria (microfossils) and, even, of
complex bacterial colonies, called stromatolites, astonishingly similar to
extant living formations, have been found in a number of ancient rocks,
including some Australian cherts estimated to be almost 3.5 billion years
old. According to their discoverer, the American microfossil expert Wil-
liam Schopf, the Australian traces originate from highly evolved bacteria,
closely related to present-day cyanobacteria, that is, bacteria that carry
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out a sophisticated kind of oxygen-generating photosynthesis. This claim,
which, as we shall see in Chapter 8, raises some difficulties, has recently
been seriously questioned.3 There remains, however, a distinct possibil-
ity—many would say a strong likelihood—that some forms of life were
already present on Earth 3.5 billion years ago, perhaps even earlier. This
is indicated by the finding, in certain ancient carbon deposits, of what is
generally interpreted as an atomic signature of biological activity, that is,
an excess of the light carbon isotope, "C, over its heavy isotope, C.*
This clue has been detected, in Greenland, in rocks that are 3.85 billion
years old (and also in the Australian traces referred to previously). Life
could even be more ancient. We would be unable to know, as any trace
it might have left could not have been preserved until our days.

Some investigators believe that the time elapsed between the moment
when Earth became livable and when life appeared was too short for
something as complex as a living cell to emerge. Hence the hypothesis
that life came from elsewhere. What are we to make of it?

Dip Lire CoMmE FrROM OUTER SPACE?

The notion that life is of extraterrestrial origin has had illustrious pro-
ponents. Among them, the Swedish chemist Svante Arrhenius, winner
of the 1903 Nobel prize in chemistry and remembered today for a pro-
phetic view of the greenhouse effect,” coined the term “panspermia” for
his theory that germs of life exist everywhere in the cosmos and contin-
ually fall on Earth. More recently, a celebrated British astronomer, Sir
Fred Hoyle, who died in 2001, has claimed, together with a Sri-Lankan
colleague, Chandra Wickramasinghe, to have detected spectroscopic
proof of the presence of living organisms on comets. We shall see later
what this evidence is. Francis Crick, codiscoverer, with James Watson,
of the double-helical structure of DNA, has even proposed, with another
scientist of British origin, Leslie Orgel, that the first living organisms
may have reached Earth on board a spaceship sent out by some “distant
civilization.” He has given the name “directed panspermia” to this
hypothesis.

Leaving aside the spaceship, of which no sign has been found so far,
an extraterrestrial origin of life is perfectly plausible. The often-voiced
objection that living organisms could not withstand the physical condi-
tions that prevail in space, especially the intense ultraviolet radiation, does



46 LIFE EVOLVING

not hold, as it is readily conceived that comets or meteorites may offer
protection to the organisms. Destruction by heat upon entry into the
terrestrial atmosphere could similarly be prevented. Moreover, the pos-
sibility that life may be a widespread phenomenon, existing in many sites
of the universe, is increasingly being entertained. I shall examine this
question in Chapter 17. Thus, the eventuality of living organisms trav-
elling through space on various “flying objects” is far from implausible.
But what about the evidence?

The argument that there was not enough time for life to arise locally
on Earth rests on a purely subjective and arbitrary estimate, supported
by no objective element. There is no proof that the emergence of life
must have required hundreds of millions of years, as has been maintained.
On the contrary, as I shall point out later, the essentially chemical and
deterministic vision one must have of this phenomenon rather leads to
the belief that life arose relatively fast, in a time span probably to be
counted in millennia rather than in millions of years. In this view, the
window of some 100 million years allowed by present data leaves more
than ample time for life to have been born on Earth. It is even possible
that life arose and disappeared many times before establishing itself.

There remain the many observations, clearly undeniable, showing that
the elementary constituents of life exist on comets and other celestial
objects. But are these substances products of life, as is believed by the
defenders of panspermia? Or are they, on the contrary, the fruits of spon-
taneous chemical reactions? We shall see that the second explanation is
considered the more probable of the two.

TaE Cosmos Is A VasT LABORATORY
or OrcaNic CHEMISTRY

For millennia, all that humans have learned of the Universe around them
has been provided by the “pale light falling from the stars,” from which,
since Galileo, the growing power of telescopes has been extracting in-
creasingly detailed information. But our eyes, even helped by the best
optical instruments, perceive only a minute fraction of the radiation that
comes to us. They see only radiations of wavelengths comprised between
400-(violet) and 800-(red) millionths of a millimeter. This narrow band
is inserted within a huge span of invisible radiation, which, on the side
of shorter wavelengths (higher energies) ranges from the ultraviolet to



WHERE DOES LIFE COME FROM? 47

X rays, ¥ rays, and cosmic rays, with wavelengths reaching below one-
billionth of a millimeter, and, on the side of longer wavelengths (lower
energies), extends from the infrared to kilometric Hertz waves. Today,
the new discipline of radioastronomy sweeps a good part of this span by
means of instruments of ever increasing sensitivity. The information
gathered in this way is immensely richer than that provided by visible
light alone.

The most important data are chemical. This is because substances
betray their nature by the radiation they emit or absorb. Sodium, we
know, emits yellow light; neon, red light. If the light emitted by a sodium
lamp is decomposed with a prism, only two yellow bands are seen, instead
of the usual rainbow. If, on the other hand, a ray of white light that has
passed through sodium vapor is likewise decomposed, the same two
bands are seen, but now in the form of black bands in the yellow region
of the spectrum. Emission bands have become absorption bands. It is by
this kind of analysis that hydrogen has been identified as a component
of the Sun. Helium, as its name recalls (»é/ios means sun in Greek), was
even discovered first in the Sun, before being found on Earth.

What is true for visible light is true also of the radiations that escape
the eye. Such radiations can be similarly decomposed by appropriate
“prisms” and the spectra thus produced can be recorded and analyzed for
the signature of certain atoms or molecules. The wavelength region
around one centimeter is particularly rich in this respect. Microwave ov-
ens function with this type of radiation. The waves that come to us from
space could never power the tiniest of ovens, but their feeble messages
can nevertheless be amplified and decoded in a detailed manner with the
instruments now available. A complication in this kind of analysis comes
from the atmosphere, which blurs the signals and adds its own. For
example, there is so much water in the atmosphere that detecting traces
of this substance elsewhere is impossible. But there are ways of getting
around this; the simplest is to put the instruments above the atmosphere,
on satellites or spaceships, as is increasingly done.

Spectral analysis at a distance is only one means. Robot instruments
carried by spaceships have performed a number of direct measurements
on comets. And, especially, it has been possible to apply all the resources
of modern technology to meteorites that have fallen on the Earth. These
various explorations have revealed the surprising fact that organic chem-
istry is the most banal and abundant chemistry in the whole universe.
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Two centuries ago, the founders of chemistry designated as organic
the chemistry of substances made by living organisms with the help,
many believed, of a special vital force. This notion was first contradicted
in 1828, when the German chemist Friedrich Wahler synthesized urea;
and it was definitively disproved in 1897, when another German chemist,
Eduard Biichner, discovered that yeast juice devoid of living cells could
convert sugar into alcohol. In the opinion of Pasteur, who unfortunately
died two years before Biichner’s results became known, this fermentation
required “Life.”

Since then, laboratory organic chemistry has produced spectacular de-
velopments that have fertilized industry and given us the entire gamut
of modern plastic materials and synthetic fibers, an abundance of drugs,
and many other so-called synthetic substances. It has become evident
that organic chemistry is none other than carbon chemistry and that it
owes its exceptional richness to the particular associative properties of
the carbon atom.

Some sort of residual vitalistic aura has, nevertheless, persisted around
organic chemistry, perceived almost subliminally as a kind of chemistry
practiced only by living beings, including organic chemists. Space chem-
istry has shattered this last refuge of vitalism by showing that organic
substances are spread throughout the cosmos, where they make up an
important fraction of cold matter. Small radicals and molecules, made of
only a few atoms of carbon, hydrogen, oxygen, sometimes nitrogen or
sulfur, are present on minute dust particles that make up extremely ten-
uous clouds—more rarefied than the best vacuum we are capable of pro-
ducing on Earth—but immensely extended, filling vast regions of space
with what is known as interstellar dust. When such particles get together,
the small molecules they contain interact to generate larger entities, of
which many have now been identified on comets and other celestial bod-
ies, especially meteorites, which have lent themselves to detailed analyses.

The results of these analyses are nothing less than flabbergasting. Not
only have they revealed the existence of numerous organic molecules of
manifestly extraterrestrial origin, but these molecules turned out to com-
prise many characteristic constituents of life, such as, for example, amino
acids. Astonishingly, these findings have made little impact in the sci-
entific world, even less so in the world in general. Yet, the message they
broadcast is supremely important. The chemical germs of life are banal
products of space chemistry. There is “vital dust” everywhere in the universe.
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Before this conclusion can be accepted, it must be ascertained that the
molecules do not come from some terrestrial contamination. Especially,
the possibility that they have been manufactured by extraterrestrial living
organisms must be ruled out. As far as contamination is concerned, de-
tailed examinations have allowed this explanation to be categorically ex-
cluded in a number of cases. As to a biological origin of the substances,
this, obviously, is the interpretation favored by the partisans of pansper-
mia. The majority opinion, however, is that the molecules are of non-
biological origin. A good reason for adopting this view is that the same
molecules are readily obtained in the laboratory under conditions that
could have prevailed on Earth four billion years ago.

Tae CHEMISTRY OF L1FE Is REPRODUCED IN A TEST TUBE

The story starts in Chicago in 1953—the year of the double helix!—in
the laboratory of Harold Urey, an American physicist world-renowned
for the discovery of heavy hydrogen, or deuterium. Later in his career,
Urey had become interested in the origin of the planets. He had put
forward the hypothesis that the atmosphere of the young Earth was very
different from what it is today. It was, he believed, devoid of oxygen and
rich in hydrogen and hydrogen-containing substances, such as methane
(CH,), ammonia (NH;), and water vapor (H,O). There is agreement
among experts on the absence of oxygen, almost certainly a product of
life, but the abundance of hydrogen is disputed by many. Be that as it
may, a young student working in Urey’s laboratory was sufficiently im-
pressed by Urey’s theory to ask the question how repeated lightning
might have affected the atmosphere postulated by his mentor. Against
the advice of the latter, who found the project too iffy for a doctoral
thesis, the student built a glass enclosure within which the gas mixture
postulated by Urey was subjected to a succession of electric discharges.
The results exceeded the student’s wildest dreams. In a few days’ time,
almost 20 percent of the methane carbon had been converted into amino
acids and other typical biological constituents.

This historic experiment almost instantaneously propelled the name
of the student—=Stanley Miller—into the firmament of celebrities. It also
inaugurated a new discipline, abiotic (without life), or prebiotic (before
life), chemistry, which aims at synthesizing biological compounds under
conditions that might have prevailed on Earth before the appearance of
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life. Many elementary constituents of life have thereby been obtained
under plausible prebiotic conditions. The products of this new chemistry
show remarkable similarities, both qualitative and quantitative, with sub-
stances detected in meteorites. What is reproduced in the laboratory
seems close to what occurs spontaneously in space.’

These discoveries have returned to the foreground the possibility that
life arose naturally, a possibility long discredited by the celebrated exper-
iment done by Pasteur, which crushed poor Félix-Archimede Pouchet, a
defender of spontaneous generation, in front of the entire Académie des
Sciences assembled in solemn gathering.®

Dip Lire Arise NATURALLY?

For a large part of the general public, life arose through direct action by
a Creator. Not only strict creationists, who rest on a literal interpretation
of the Bible, subscribe to this opinion. So do many members of more
open-minded religious groups. Even outside any religious creed, the or-
igin of life is often viewed as an insoluble mystery, within the context of
some unconscious latent vitalism. Rare are those who, being cultured but
devoid of scientific grounding, picture life as having spontaneously arisen
through the play of the same physical and chemical laws as rule other
natural phenomena, such as the formation of planets, the shifts of the
Earth’s crust, tidal movements, or the erosion of mountains. Pasteur’s
triumph, one of the rare scientific events to have earned a place in popular
history books, is perhaps not foreign to this attitude.

Yet, all that we have seen so far supports a naturalistic explanation of
the origin of life. There is first the fact, related in the preceding chapters,
that life has proved entirely explainable in physical-chemical terms. What
is true of life now is very likely to be true also of its origin. If life
functions without the help of a vital principle, as we know it does, we
are entitled to assume that its birth likewise took place without the in-
tervention of such an entity. Another encouraging fact is the discovery,
just recalled, of the vast cosmic chemistry that abundantly produces
amino acids and other organic substances entering into the composition
of living beings. If, as seems reasonable to suppose, those substances
represent the chemical seeds from which life developed, it may be said
that at least the first step in the birth of life was the outcome of natural
processes.
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But this is only a first step in what must have been a very long suc-
cession of steps. As will be seen in the next chapters, we are mostly left
with speculative hypotheses to explain the manner in which the basic
building blocks provided by cosmic chemistry might have combined into
larger molecules, such as proteins and, especially, nucleic acids, not count-
ing the more complex assemblages from which the first biological struc-
tures arose. One may well wonder, therefore, whether we will ever suc-
ceed in explaining the origin of life naturally or, even, whether this
phenomenon is naturally explainable.

In the view of most scientists interested in the problem, one can but
answer the last question affirmatively, at least as a working hypothesis.
No scientist could think otherwise, as this hypothesis represents the fun-
damental postulate of any scientific investigation. To assume the opposite
amounts to denying the possibility of finding an explanation for the phe-
nomenon one studies and thus declaring one’s research futile. Indepen-
dently of any preconceived idea, science must proceed on the assumption
that the problems it approaches are soluble. There will always be time
to call on “something else” after all attempts at finding a natural expla-
nation have failed. In the case of the origin of life, this is still far from
being the case.

The fact remains that, as long as the problem is not solved, the ten-
dency to invoke “something else” will subsist. It is the attitude even of a
small minority of scientists, very few in number but much publicized.
According to these dissenters, there are intrinsic reasons for believing
that life, as we know it, cannot possibly be the fruit of natural phenom-
ena. Worded in apparently irreproachable scientific terms, such affirma-
tions are enthusiastically greeted and fervently propagated, not only by
traditional creationist circles, but also by diverse groups who, while claim-
ing to accept the findings of modern biology, emphasize that “science
does not explain everything” and defend the thesis, of so-called intelligent
design, that detects in the properties, origin, and evolution of life the
intervention of an influence other than the simple play of natural laws.

An argument brought forward in favor of this thesis by the American
biocghemist Michael Behe represents what he calls “irreducible complex-
ity,”

several well-matched interacting parts that contribute to the basic func-

a notion he defines as the state of “a single system composed of

tion, wherein the removal of any one of the parts causes the system to
effectively cease functioning.” This definition, which he illustrates with
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the “humble mousetrap,” applies according to Behe to numerous bio-
chemical systems, for example, the flagellum that propels bacteria or the
enzymatic cascade that governs blood clotting.

No one will deny that these systems and many others conform to the
proposed definition. One cannot remove one of their parts without im-
pairing their functioning. But this in no way proves that, as is claimed
by Behe, these systems can have arisen only with the help of an outside
intelligence that adjusted the various parts according to a pre-established
plan in which their role in the whole was foreseen. Such an affirmation
ignores the possibility of an evolutionary process that might, with the
help of natural selection, have led to increasing complexity by way of
intermediary stages each of which fulfilled a useful function. Many ex-
amples of such processes are known. Thus, it is known that the principal
proteins of the transparent eye lens were recruited in the course of evo-
lution from enzymatic proteins that played an entirely different role.

Another objection frequently addressed to the theory of a natural or-
igin of life calls on the fact, already mentioned in the preceding chapters,
that life uses only an infinitesimal fraction of the possible protein or
nucleic acid sequences, or, in more technical terms, occupies only an
infinitesimal part of the sequence space. Remember, the number of dif-
ferent protein chains of 100 amino acids that can exist is 10" (one
followed by 130 zeros), that of possible nucleic acid chains of 300 bases
10" (one followed by 180 zeros)."” Numbers of this size exceed by far
anything that can exist in reality, or even be conjured up by our imagi-
nation. What, then, of the number of sequences nascent life was able to
test, in about 100 million years, with only the materials available on the
surface of our planet (or, for that matter, on whatever celestial object
provided the cradle of life)? Yet, the bacterial ancestor of all life must
have contained hundreds of distinct such molecules, many of them longer
than those being considered here. The problem thus arises as to how
emerging life could, without guidance, conceivably have selected its con-
stituents from such an immeasurably huge number of possibilities.

To explain the generation of the ancestral proteins—the fact that this
process took place by way of nucleic acids makes no difference to the
argument—by the natural unfolding of chemical processes, one would
have to assume either that almost any random combination of amino
acids will produce a collection of proteins adequate to make a viable cell,
or that the molecular specificity of the processes involved was such as to
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almost obligatorily produce the right mixture. The first explanation is
ruled out by what we know of biology, which tells us that the functions
of proteins often are exquisitely dependent on specific sequences, to the
point of being frequently impaired by the replacement of a single amino
acid by another. The second explanation is ruled out by what we know
of chemistry. Processes of the required precision simply do not take place.
Hence, it is claimed, there must have been “something else.” Such is the
conclusion arrived at in a solidly argued book by the American mathe-
matician William Dembski significantly titled 7%e Design Inference."

Here, again, the argument neglects the historical dimension of these
phenomena. As will be mentioned later (Chapter 5), there are good rea-
sons for believing that the first sequences were much shorter than today’s
and that nascent life has reached its present position in the sequence
space by a gradual pathway, each stage of which, honed by natural se-
lection, allowed extensive exploration of the available sequence space.
Intervention by a directing intelligence is not mandatory.

Contrary to what is sometimes claimed, a naturalistic view of the or-
igin of life does not necessarily exclude belief in a Creator. The notion,
propagated at the same time, though for opposite reasons, by militant
atheistic scientists and by many antiscientific circles, that the findings of
science are incompatible with the existence of a Creator is false. But these
findings at least call for a revision of the image one makes of this Creator.
It cannot be a God who, according to the familiar animist saying, “blew
life into matter.” This notion is no longer valid now that we know that
there is no such thing as a vital principle. Likewise, there is every reason
to believe that the elementary constituents of life form spontaneously in
many parts of the universe, by the sole operation of physical-chemical
phenomena. Thus, if we wish to call on some creative act to explain the
origin of life, we are led to imagine a God who got into the act at some
precise moment, forcing the molecules of basic constituents to interact
against their natural tendency until a machinery capable of functioning
under its own steam had been built, following which He would withdraw
from the game and allow the sole physical and chemical forces to play
freely. This naive picture of a divine engineer interfering just enough with
the laws of his creation to achieve an objective looks too much like a
contrived, ad hoc hypothesis to be intellectually acceptable. Why not
imagine a God who, from the start, created a world capable of giving
rise to life by the sole unfolding of natural laws of His own devising?
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This view, as we shall see in the last chapter, is now defended by many
deists, including a number of scientists.

Is Lire THE ProbpucT OF CHANCE?

While scientists generally agree to attribute the origin of life to natural
phenomena, the degree of likelihood of these phenomena is very diversely
appreciated. According to many scientists, among them some of the most
illustrious, life is the product of highly improbable events that are very
unlikely ever to occur anywhere else and that could very well not have
happened on Earth were it not for an extraordinary combination of cir-
cumstances. Any failure to reproduce the phenomenon in the laboratory
is thus explained beforehand. It is pointed out that highly improbable
events take place all the time without our according them any attention
unless there is something special about them. Thus, in the game of
bridge, each distribution of the 52 cards among the four players has one
chance in 5x10%, that is, in 50 billion billion billion, of being dealt. This
guarantees with near certainty that each distribution is a unique event
that never occurred previously and will never occur again in a foreseeable
tuture. Nevertheless, bridge players do not spend their time marvelling
at their cards with the feeling, at each deal, of being witness to an ex-
traordinary event. They would do so only if there should be something
uncommon about the distribution. If, for example, the 13 spades, hearts,
diamonds, and clubs should each be gathered in a single hand, the event
would cause a sensation, and the whole world would be apprised of it by
bridge columnists. And yet, this distribution is no more improbable than
any other.

Such, it is claimed, could be the case also with life. As with a bridge
deal in which each hand contains a complete suit, the first living system
could have been, among innumerable other arrangements of matter of
equally low probability but of no particular interest, the outcome of an
extremely improbable combination of circumstances, so improbable that
it is virtually certain to be unique. In this view, life appears as a cosmic
accident devoid of significance. In the words of the late French biologist
Jacques Monod, “the Universe was not pregnant with life.”"

Such a conception is acceptable provided the stroke of luck concerns
a single event. It could be an extremely improbable event, but there can
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be only one. Indeed, from the moment several highly improbable events
are required to reach a certain goal, the probability of ever getting there
soon approaches zero, since the probability of a complex series of events
is the product of the probabilities of its individual steps. Thus, the prob-
ability of the same bridge distribution being dealt were it only twice in
succession is (5 ><1028)2, that is one chance in 25 followed by 56 zeros;
that and zero, practically speaking, amount to the same thing.

It is obvious that life cannot possibly have arisen in one shot. For this
to have happened, nothing short of a miracle would have been needed.
The process, if it took place naturally, must by necessity have been com-
posed of many steps, most of which, as we have just seen, must have had
a high probability of taking place. Thus, the “lucky chance” hypothesis
implies that a singular event of extremely low probability occurred in a
series in which the great majority of the steps that came before and after
followed a highly deterministic course, imposed by the prevailing con-
ditions. Once again, we are faced with a possibility that cannot be ruled
out but is hardly conceivable in realistic terms. From what we know of
life, it is difficult to see how it could have developed by the succession
of a very large number of spontaneous events, broken by a single barrier
that could have been surmounted only with an extraordinary assistance
of chance. Starting from the basic constituents provided by space chem-
istry, life must have arisen through a complex fabric of interconnected
reactions involving a large number of different substances. This devel-
opment no doubt relied on numerous discrete events, but not on a single
event of extremely low probability.

Another reason for ruling out a critical intervention by chance in the
development of life is that chemical processes were involved. Chemistry
deals with strictly deferministic, reproducible phenomena that depend on
the statistical behavior of trillions of molecules of various kinds. Were it
not so, there would be no chemical laboratories, no chemical industries.
When substances A and B are mixed under specified conditions, the
outcome is always C. If a student fails to get C in the laboratory, the
professor does not commiserate: “You have been unlucky. Chance has not
favored you.” No, the student is admonished: “You have been sloppy. Go
back and try again.” Life, we have seen, is explained in chemical terms;
so must its origin be.

For the reasons I have just summarized, I favor the view that life was
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bound to arise under the physical-chemical conditions that surrounded
its birth. This does not necessarily imply that there is life on many other
celestial bodies. All depends on the probability of there existing elsewhere
in the universe conditions similar to those that allowed life’s emergence
on Earth. This question will be examined in Chapter 17.



4. How Did Life Arise?

Tuae Way
To RNA

ROM WHAT
we have seen

A : in the pre-
ceding chapter, the most likely answer to the above question is: by a large
number of chemical steps that had a high probability of taking place
under the prevailing conditions. Alternative explanations, such as instant
creation or the intervention, at some stage, of a fantastic stroke of luck,
cannot be excluded as long as the postulated steps have not been iden-
tified; but they are heuristically sterile and unsupported by what is known
of the nature of life.

SieNPOSTS ON THE WAY

The details of the life-generating pathway still elude us and may do so for
a long time. But they are not hidden in total darkness. First, we have a
pretty good idea of what the starting and ending points were. The former
consists almost certainly of the amino acids and other organic materials
that arise spontaneously in various parts of the cosmos. To believe oth-
erwise would stretch the boundaries of likelihood excessively, considering
the close chemical kinships that exist between those substances and bi-
ological constituents and considering their apparent ubiquity. As to the
ending point, it is represented by the common ancestor of the whole
living world, most likely, as we have seen, a primitive bacterium already
endowed with all the basic properties that characterize present-day life.

We know the beginning and the end. But that is not all. We actually

know one way of getting from one to the other by nafural means. It
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consists of the universal mechanisms whereby life makes more life on
Earth today. A number of investigators engaged in origin-of-life research
believe this information to be irrelevant. Prebiotic chemistry, they feel,
must have been very different from biochemistry. This is most likely true
for the cosmic chemistry to which synthesis of the starting building
blocks is attributed. But at some stage, the initial chemistry must perforce
have given place to biochemistry. My reasons for assuming, against a
widely held opinion, that this transition took place early, rather than late,
will become clear as we progress in our analysis of the problem. In the
meantime, let us start with something on which virtually everyone agrees.

THE ADVENT OF RNA REPRESENTS A WATERSHED IN THE
ORr1GIN OF LiFe

In the first chapters, attention was drawn several times to the central
position of RNA in the blueprint of life. In all known living beings,
genetic information flows from DNA to RNA to proteins. Striking in
this sequence is the uncircumventable position of RNA, which is the
obligatory intermediate in the expression of every bit of genetic infor-
mation stored in DNA. This expression occurs invariably by transcription
of the DNA text into the corresponding RNA, the DNA itself being
essentially inert from the functional point of view. In a small number of
instances, the transfer of information stops there. The RNA transcript
plays a functional role by itself, as a ribozyme, or catalyst of a reaction.
Most often, the RNA acts as a messenger. It instructs the synthesis of a
protein, which, itself, by its structural qualities, or by its enzymatic prop-
erties, or by both, plays in the organism the role governed by the tran-
scribed DNA segment.

It is striking and, no doubt, significant that the protein synthesis ma-
chinery actually contains RNA molecules as essential components. These
are, in addition to messenger RNAs, the ribosomal RNAs, which are key
catalytic constituents of the particles (ribosomes) on which proteins are
assembled, and the transfer RNAs, those remarkable molecules that serve
both to provide amino acids to ribosomes in a form suitable for the
assembly of proteins and to read, by anticodon-codon interactions, the
instructions borne by the messenger RNAs.

Compared with these crucially important functions, those fulfilled by
DNA would seem to be rather minor, being restricted to the storing of
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information in a replicatable (and transcribable) form.' In reality, this
function could very well be carried out by RNA itself, which we have
seen can be replicated, similarly to DNA and according to the same kind
of complementarity relationships, by some viral enzymes. This does not
mean that DNA is useless. Its dominant presence in all living beings is
sufficient proof of its indispensability. But what is eloquently suggested
by the facts is that RNA preceded DNA in the development of life and
played for a while the role of replicatable repository of genetic infor-
mation carried out today by DNA.

It seems likely that RNA preceded proteins as well, considering the
importance of the functions accomplished by RNAs in protein synthesis.
Here, however, a clarification is in order. Proteins, as we have seen, are
made from 20 different kinds of amino acids, which are the same in the
whole living world. Now, many other amino acids exist, even in the
products of cosmic chemistry and in those of the simulation experiments
that made Stanley Miller famous. Some of these amino acids are found
in biological substances other than proteins, sometimes even linked by
peptide bonds of the kind that serve to join amino acids in proteins.
There thus has happened, at some stage in the development of protein
synthesis, a sort of selection that retained certain amino acids as building
blocks for the RNA-dependent machinery and excluded others. We shall
see later how this selection could be explained. Let us just, for the time
being, remember that a distinction must be made between peptides and
proteins. Peptides comprise all the substances, including proteins, con-
sisting of amino acids joined together by peptide bonds. Proteins rep-
resent a subset of peptides, containing molecules of large size constructed
exclusively with the 20 so-called proteinogenic amino acids, for which
there are codons in the genetic dictionary. When proteins are said to
have been preceded by RNA, it is that subset that is referred to, not the
complete set of peptides. Indeed, it is very possible—I tend to say prob-
able—that certain peptides may have preceded RNA, as will be seen later.

These considerations have led to the notion of an “RNA world,” a
term coined in 1986 by the American chemist Walter Gilbert, inventor
of one of the first methods for sequencing DNA. According to Gilbert’s
definition, the RNA world represents a hypothetical stage in the devel-
opment of life in which neither DNA nor proteins existed and RNA
molecules alone carried out the functions of these two substances. They
served as replicatable support for genetic information and accomplished
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by their catalytic (ribozymatic) properties “all the chemical reactions nec-
essary for the first cellular structures.” This notion has met with enor-
mous success and goes on inspiring numerous experimental attempts
aimed at extending by engineering the catalytic capacities of RNAs,
which, in nature, are largely restricted to protein synthesis and RNA
processing.

We shall see that there are some difficulties with the RNA world as
defined by Gilbert. But the foundations of this notion seem indubitable.
There is every reason to believe that the emergence of RNA was a crucial
step in the development of life, which preceded and most probably de-
termined the appearance of DNA and of proteins. But, before RNA,
there must have been something else that prepared and caused the advent
of this key substance.

THE Roap To THE RNA WoRLD

Incipient life, unless guided by a directing principle of the “intelligent
design” kind, excluded a priori from our working hypothesis, did not
have available the information we possess. It did not “know” it was going
to invent RNA and, with it, a new language that would affect the whole
history of our planet, perhaps even of the universe. It did no more than
blindly follow a pathway imposed by the physical and chemical conditions
that prevailed locally. It is not objectionable for us to call on our knowl-
edge of the outcome of those events in our attempt to retrace their course,
provided we keep clearly in mind that only efficient causes, not final
causes, can have determined them. The problem, it must be acknowl-
edged, is of daunting complexity. Without going into details of chemical
structure, let it simply be said that the spontaneous genesis in some
“primeval soup” of a molecular arrangement like RNA defies chemical
common sense. Indeed, it has so far defied the ingenuity of chemists.

THE RNA ENIGMA

For several decades, some of the best chemists in the world have vigor-
ously addressed the problem of the prebiotic synthesis of RNA. Until
now, their efforts, however determined and imaginative their approaches,
have not been encouraging. Experts are beginning to lose confidence in

an undertaking aimed directly at RNA. They now toy with the idea that
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RNA may have been preceded in its primordial functions by structurally
analogous compounds likely to have arisen more easily.”

Some unconditional supporters of the original version of the RNA
world take refuge in the notion of a “flick of chance.” They imagine a
few RNA molecules arising somewhere by an almost miraculous com-
bination of circumstances. Such an event would, in their eyes, have been
enough for the whole process to be launched, thanks to the ability of
RNA to self-replicate and display catalysis. Such a view does not hold
water. First, the very hypothesis of RNA arising by some chance event
is chemically implausible. Moreover, having a little RNA obviously does
not suffice for making more. The term “self-replication” is misleading in
this respect, as it confounds two entities: information and synthesis. RNA
provides only the former. For the latter, complex building blocks, energy,
and strong chemical support are required. These conditions must have
been satisfied already at the time RNA first appeared, since this substance
could not have been replicated otherwise. They manifestly continued to
prevail during all the time—at least centuries, if not millennia or more,
as we shall see—when RNA dominated the scene. We are far from the
fortuitously stabilized and amplified product of some random fluctuation.

If we follow this reasoning, we arrive at the conclusion that RNA
arose in a chemical environment that was already of considerable com-
plexity and included all the elements needed for this event and its per-
petuation. It is interesting to recall in this connection the remarkable
relationship, already mentioned previously,” that exists in today’s living
world between information and energy. At the heart of both we find
ATP and its analogues, GTP, CTP, and UTP.

Indeed, in the synthesis of RNA, those four molecules provide the
nucleotide units—AMP, GMP, CMP, and UMP—that make up the
building blocks of any RNA molecule. In this reaction, triphosphates
(NTPs) become monophosphates (NMPs), the two supernumerary phos-
phates being released as inorganic pyrophosphate (PP,), while enough
energy is made available to support the linking of the nucleotides to each
other in the RNA chain.

On the other hand, we have seen that ATP is the universal conveyer
of biological energy. What has been mentioned only in passing is that
ATP is sometimes replaced in this function by one of its analogues. Thus,
GTP fuels the mechanism whereby the messenger RNA tapes are moved



62 LIFE EVOLVING

through the ribosomes. CTP provides energy for the formation of phos-
pholipids, the main constituents of biological membranes (see Chapter
6), while UTP serves a similar function in the synthesis of a number of
complex substances formed from sugar molecules (polysaccharides). And,
as just mentioned, the four NTPs also provide the energy for the assem-
bly of RNA (analogous reactions are involved in DNA synthesis).

There can be no doubt: diological energy and information are intimately
linked in today’s living world. In all likelihood, this relationship goes back
to the very origin of the processes we are attempting to explain. Such
being the case, two possibilities may be considered, depending on
whether information is taken to have arisen from energy, or the opposite.
We shall ignore, for simplicity’s sake, the third possibility attributing the
origin of both energy and information to a phenomenon without equiv-
alent in present-day life. This question is rarely discussed. But it seems
to me that if one defends the notion of a primitive RNA, fruit of an
extraordinary combination of circumstances or of some unknown chem-
istry that remains to be discovered, the logical implication is to assume
that ATP and its analogues arose from RNA and, therefore, that infor-
mation preceded energy (in its present form). Personally, I find this pos-
sibility highly unlikely. Given the need, underlined earlier, for a solid
chemical underpinning to support the RNA world during the whole of
its long evolution, it seems to me much more plausible to suppose that
ATP and its analogues belonged to this underpinning and, perhaps, al-
ready served in it as energy vehicles. Consequently, to resolve the RNA
enigma, we must go back to the primitive chemistry that functioned,
presumably with the help of ATP and its analogues, before RNA existed.
What must be searched for first is how some sort of primitive meta-
bolism, a protometabolism, could have arisen spontaneously under pre-
biotic conditions.

TRACING PROTOMETABOLISM

A detailed examination of the chemical reactions that may have com-
posed protometabolism is out of the question. Solid knowledge on this
subject is virtually nonexistent, anyway, and the speculations that stand
in lieu of it are almost as numerous and varied as the investigators in-
terested in the problem. I shall content myself with a general remark. It
expresses a personal and far from widely accepted opinion, which, how-
ever, I will try to justify later: protometabolic pathways prefigured the
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pathways of present-day metabolism. In other words, the signposts men-
tioned in the beginning of this chapter must be heeded right from the
start.

This affirmation, which I have called the congruence principle, implies
as an important corollary that present-day metabolism holds traces of the
primitive chemistry and could serve as a valuable source of inspiration in
the elaboration of theories and, especially, in the design of experiments.
Being, unfortunately, past my time for the latter, I must content myself
with the former.

The main lesson of metabolism was underlined in Chapter 1 (p. 19):
“virtually none [of the reactions of metabolism] would take place if the
participating substances were merely mixed together.” It is for this reason
that most experts are skeptical of the congruence principle. In their opin-
ion, prebiotic chemistry, not having available the catalysts of biochem-
istry, could not possibly reproduce the reactions of biochemistry. But one
may, instead, wonder whether appropriate catalysts could not have been
present in the cradle of life.

Needless to say, the search for possible prebiotic catalysts has always
been an important preoccupation of origin-of-life investigators. But their
search has, for obvious reasons, been largely restricted to the mineral
world; and it has not been entirely fruitless. Clays, in particular, have
proved capable of catalyzing the linkage of activated nucleotides into
small RNA-like associations, whereas certain iron-sulfur combinations
have been found to promote some reactions involving electron transfers.
However, nothing comparable to even a very primitive protometabolism
has ever been reproduced.

In nature, as we have seen, metabolic reactions are catalyzed mostly
by protein enzymes, often acting in conjunction with metals and with
organic coenzymes. Catalytic RNAs (ribozymes) are involved to a small
extent. In the original RNA-world view of Gilbert, ribozymes are taken
to do the entire job. It is, however, obvious that RNAs could not have
served as catalysts in a pre-RNA protometabolism. Furthermore, the cat-
alytic properties so far observed with ribozymes are rather limited; they
do not show the diversity one would be entitled to expect for a meta-
bolism-like systern.4 These facts have not, however, damped the ardor of
the more enthusiastic supporters of the original version of the RNA
world. The possibility that a wider gamut of catalytic RNAs may have

existed in prebiotic days has prompted a number of highly ingenious
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efforts at extending the catalytic potentialities of RNA molecules by
bioengineering techniques. These experiments have yielded fascinating
results, but their relevance to the origin of life is questionable.

Strangely enough, proteins—or rather peptides, since true proteins
must have come later (see p. 59)—have not, by far, enjoyed the same
popularity as RNAs as potential prebiotic catalysts. This is surprising,
considering the fact that amino acids may have been abundantly present
in the prebiotic world, where they could have associated into peptides by
relatively simple mechanisms.” In addition, peptides, being closely related
to proteins, are most likely to include molecules with catalytic properties
similar to those of protein enzymes.

On the basis of these considerations, I proposed, a number of years
ago,’ that the catalysts of protometabolism may have been peptides, or,
rather, multimers, as 1 have called them to indicate that they could have
contained substances other than amino acids but chemically close to
them, for example, hydroxy acids. An objection to this hypothesis is
that the postulated molecules would probably have been too small to
display the required catalytic properties. But this objection is not nec-
essarily valid since, as will be seen in the next chapter, the first protein
enzymes were probably quite short, little more than about 20 amino acids
long. This indicates that peptides of such short length, perhaps even
shorter, may be endowed with catalytic activities, rudimentary to be sure,
but sufficient to serve as primitive enzymes. Another objection is that a
mixture containing all the required catalysts, assuming it had arisen by
some chance circumstance, is not likely to have been faithfully reproduced
for a long enough time without some replication mechanism. This ob-
jection, however, applies to any model of pre-RNA protometabolism,
which would be subject to the same constraints. Environmental stability
is a common condition of all models postulating a natural development
of life.

The fact remains that the multimer hypothesis is no more than a
conjecture and will remain so as long as it has not been subjected to ex-
perimental testing. This has become possible. Techniques now exist for
the preparation of mixtures containing a large number of peptides of
different structure. It would be possible to look for enzyme-like activi-
ties in such mixtures. This is what I would do if I were 20 years
younger.
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RNA COULD BE THE FIRST FRUIT OF NATURAL SELECTION

Leaving aside the question of mechanisms, let us return to the central
notion, based on the congruence principle, of a metabolism-like proto-
metabolism. The assumption is that ATP and other NTPs somehow
arose—the details of possible reactions are beyond the scope of this
book—as products of this protometabolism and became integral parts of
it, possibly participating in reactions that prefigured their future bio-
energetic role. It would not be surprising in such a context if some of
the NTPs reacted together to make RNA-like associations.” This, it
should be noted, would be a purely chemical reaction, explainable simply
by the presence of a suitable catalyst. For the associations to be authentic
RNAs, there would have to be intervention of a template molecule in-
teracting with the catalyst so as to dictate, by base pairing, the choice of
the reacting NTPs. UTP would be selected in front of A in the template,
CTP in front of G, GTP in front of C, and ATP in front of U (see
Chapter 2). Easy to imagine, you might say. But watch out! Here is where
hindsight can be dangerously misleading.

Why just A and U, G and C? The possibility that chemical deter-
minism happened to be such as to single out those two pairs of comple-
mentary bases smacks perilously of pre-determinism. Do we have to as-
sume that “intelligent design” prepared the way to information transfer
by guiding the atoms to combine in just the kind of molecules that allow
pairing? Not necessarily. It seems much more likely, if, as would be ex-
pected, relatively unspecific chemistry was involved, that a whole array
of kindred molecules’ were produced besides the four canonical bases.
Molecules of this kind exist today in living organisms.” Rather than en-
dowing prebiotic chemistry with prophetic insight, it seems more prob-
able that it indiscriminately made a variety of compounds of the same
kind, including their NTP derivatives, and that, in turn, the RNA-like
products of NTP combination included a “gemisch” of many different
assemblages. If this is what happened, all we need is a couple of trivial
assumptions, and the RNA “miracle” is explained.

Just imagine—surely a plausible possibility on a purely statistical ba-
sis—that a few molecules in the gemisch happened to contain, like au-
thentic RNA, no other bases than A, G, C, and U. If such molecules
could interact with the catalyst responsible for the assembly reaction in
the manner postulated above, then complementary molecules likewise
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containing only the four canonical bases would be formed. These mol-
ecules, in turn, could induce the reproduction of the original molecules,
and so on. Continuation of this phenomenon would progressively lead
to the formation of an increasing number of complementary molecules
of both kinds. What we have is selective rep/ication and amplification of
the rare true RNAs present in the mixture.

This mechanism thus accounts in one shot and without calling on any
special intervention, whether of chance or of the deity, for the birth of
RNA and for its first replication. As proposed, RNA no longer arises as
the product of an almost miraculous event. It is formed by chemistry, as
required. But it becomes dominant thanks to a new process, molecular
selection, based itself on replicatability. This was a decisive turning point
in the development of life. Until then, chemistry was solely in charge.
To be sure, continuity was guaranteed by the strict determinism to which
chemistry is subjected; but it was, for the same reason, exposed to the
vagaries of the environment. With the advent of replication, the faithful
reproduction of molecules became possible even under changing envi-
ronmental conditions. The first seed of genetic continuity was planted.

But there is more. Primitive replications were no doubt very imprecise,
continually producing imperfect replicas of the models. Among these
faulty copies, there must have been some that, for various reasons, were
more resistant to degradation than the originals or were replicated faster
than them by the catalyst responsible for the synthesis of the first RNAs.
In both cases, the molecules concerned tended to become more abundant
than the others. As a consequence, the initial RNA mixture arising from
the first products of prebiotic chemistry was to become progressively
dominated by RNA molecules that combined stability and replicability
in optimal fashion.

This is not just a theoretical vision. The molecular selection of RNA
can actually be reproduced in the laboratory.'® This feat was accomplished
for the first time in the 1960s by an American biochemist, Sol Spiegel-
man, and has since been repeated under various conditions by a number
of investigators, among them the German chemist Manfred Eigen, who
has made a particularly detailed study of the phenomenon. These inves-
tigations have clearly established that the mechanism involved does, in-
deed, consist of a molecular selection entirely ruled by the combined
criterion of stability-replicability of the molecules.

This mechanism, it should be emphasized, represents at the molecular
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level exactly that imagined by Darwin to account for biological evolution:
diversification by modifications of the material responsible for hereditary
continuity, natural selection of the modified forms most apt to survive
and multiply under prevailing conditions, and amplification of those
forms. But molecules, not organisms, are selected in this way, with RNA
as first fruit of this fundamental mechanism.

The molecular selection of RNA taking place under the conditions of
the prebiotic era must have led in the end to a dominant sequence that
henceforth remained unchanged—the one combining stability and rep-
licability optimally for those conditions—accompanied by a continually
shifting cohort of sequences modified by replication accidents. Eigen has
called such a mixture a “quasi-species.” He has arrived, by investigations
too specialized to be described here, at the conclusion that the dominant
molecule in the quasi-species formed by the first RNAs, the “UrGen,”
or original gene, probably corresponded to the ancestor, as identified by
molecular phylogeny analyses (see Chapter 7), of the whole family of
transfer RNAs. It will be seen that this identity could be highly
significant.

THE RNA WORLD

The hypothetical scenario just sketched out—or any other obeying the
same criteria—shows how incipient life could have entered a phase that
could rightly be called “RNA world,” though not—at least, not yet—an
RNA world supported by RNA catalysts, as proposed by Gilbert, which
it obviously could not be at birth. RNA could not have served originally
to make RNA. Whether it ever did cannot be excluded but is so far
entirely unsupported by evidence. What seems highly probable, on the
other hand, is that RNA served to make proteins. This will be the subject
of the next chapter.
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TTENTION HAS ALREADY BEEN DRAWN IN THE PRECEDING

chapter to the fact that the protein synthesis machinery contains

several essential parts of RNA nature. There is every reason to
believe that proteins, as defined in the preceding chapter—polypeptides
made from 20 specified kinds of amino acids—are an “invention” of
RNA. Needless to say, the word “invention” is not intended here in its
usual sense. What is meant is that the first true proteins arose from
chemical interactions between RNA molecules and amino acids. Sur-
prisingly, this central problem has so far hardly been tackled experimen-
tally. What we have to guide our speculations is mostly our understanding
of how the present-day machinery operates. Within the framework of
the congruence principle, such a contribution can still be of great value.

How RNA MabpE THE FirsT PROTEINS

This process probably went through several stages. First, the chemical
machinery must have appeared. Remember our governing principle:
chemistry came first. Next came information, with the development of
translation and the genetic code. Finally, from the early proteins must
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have arisen the first enzymes that initiated metabolism. I can, for obvious
reasons, cover this complex topic only in a highly superficial manner.

THE CHEMICAL BIRTH OF PROTEINS

Any model for the development of protein synthesis must necessarily
start with direct interactions between RNAs and amino acids.’ One does
not see how else RNA could ever have become involved in assembling
amino acids. Most likely, certain RNA molecules became linked with
certain amino acids. This, remember, is exactly what happens today be-
tween transfer RNAs and amino acids. Eigen’s investigations, cited ear-
lier, identifying the first RNAs as the ancestors of transfer RNAs, are
particularly suggestive in this respect.’

It thus seems reasonable to suppose that the first RNAs appearing in
the prebiotic milieu met in it an abundance of amino acids, together with
conditions conducive to the sealing of these encounters by chemical
bonds. Leaving aside the mechanisms that could have effected such link-
ings,’ let us take a closer look at their specificity. Did the supposed as-
sociations take place randomly between any kinds of RNAs and amino
acids? Or, on the contrary, was the process selective? The second possi-
bility is by far the more attractive because it allows much to be explained.

Such a selectivity would, notably, provide an answer to a question
many consider one of the great mysteries posed by the origin of life: why
are proteins made from the 20 amino acid species that serve universally
for their synthesis? It is not a question of relative abundance. Some amino
acids present in large quantities, both in meteorites and in the products
of abiotic syntheses, are not used for protein assembly. Others, though
rare, are. In addition, the amino acids that participate in protein con-
struction all belong, with one exception, to a class of molecules called
chiral (from the Greek, cheir, hand). This term recalls the fact that the
molecules can exist in two configurations that are to each other as the
right hand is to the left hand, or, alternatively, as an object is to its image
in a mirror. Proteins are made exclusively with one variety, designated L,
as opposed to the other kind designated D. A likely possibility is that
amino acids were selected for protein synthesis by virtue of their ability
to interact with RNAs. This explanation provides a simple answer to the
riddle of the proteinogenic amino acids, even though it may not entirely
account for the chirality problem.’

Selection works both ways. If RNAs selected the amino acids used for
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protein synthesis, the amino acids must reciprocally have selected the
RNAs serving for their transport. Chemical affinities are mutual. The
selection process, however, could not have been symmetrical. The amino
acids presumably were there from the start for the RNAs to choose from,
products of cosmic chemistry and, eventually, of metabolism. The RNA
molecules, on the other hand, had to arise by selective replication from
a cohort of ever-changing molecules (see preceding chapter). This implies
that the fact of being linked to an amino acid increased the stability, or
replicability, or both, of the RNA molecules involved, with, as a conse-
quence, their amplification by molecular selection. This hypothesis is
compatible with what is known of the chemical aspects of such an as-
sociation.” It would explain the molecular selection of RNAs capable of
associating with amino acids and thereby driven eventually to become
the transfer RNAs of living organisms.

Admittedly, this is all hypothetical. But the hypothesis rests on un-
deniable foundations and has the advantage of suggesting experimental
approaches. Evidently, what needs to be studied is the manner in which
amino acids (or their derivatives, such as thioesters) can interact with
RNAs and, perhaps, influence their replication. Surprisingly, very few
investigators seem to be interested in this problem, even though it could
be investigated with current techniques for studying RNA evolution in
the test tube.’

In order to give rise to proteins, the amino acid molecules attached to
their transporting RNAs would have to become linked to each other by
peptide bonds. As we saw in Chapter 2, this is accomplished in present-
day living organisms by ribosomes in association with messenger RNAs.
Ribosomes consist of approximately equal amounts of protein and RNA
molecules, but there is good evidence indicating that the actual linking
together of the amino acids is catalyzed by an RNA molecule, not by a
protein. Considering, in addition, that no proteins could have been
around when the events we are trying to reconstruct took place, it is
tempting to assume that RNA molecules, presumably ancestral to today’s
messenger RNAs and ribosomal RNAs, made up the first protein-
synthesizing machinery, perhaps in combination with certain multimers.
How this could have happened will be examined later in this chapter.

According to the proposed model, RNA molecules ancestral to the
three kinds of RNAs that take part in protein synthesis today were in-
volved in this process right from the start. This hypothesis is consistent
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with the notion, suggested previously, that proteins were “invented” by
RNA. But, as for the amino acid-binding RNAs, it raises the problem
as to how the RNAs that participated in the early protein assembly ma-
chinery came to be selected. Being part of a complex scaffolding could
conceivably stabilize the molecules and thereby contribute to their selec-
tion. Whether this would have sufficed is questionable. In any case, with
the appearance of protein synthesis, incipient life reached a stage in
which, for reasons that will become clear, the selection of RNAs could
no longer be explained exclusively by their intrinsic molecular properties.
Henceforth, ce/ls became necessary for further progress.

INTERLUDE: INDISPENSABLE CELLS

From what we have seen so far, replicating RNA—or any other kind of
replicating molecule, for that matter—is automatically and obligatorily
subject to a selection process that favors, among the variants arising from
replication errors and other accidents, those molecules that optimally
combine stability and replicatability under prevailing conditions. In the
proposed model, this process accounts for three successive selection
events that, in turn, led to the first replicatable RNA molecules, thence
to the “UrGen,” the original genetic quasi-species held by Eigen to be
ancestral to transfer RNAs, and, finally, to a set of RNA molecules ca-
pable of specifically binding amino acids.

In all those cases, the RNA molecules are assumed to be selected by
virtue of their intrinsic properties. But there is a limit to such a mech-
anism. At some stage, selection of the RNA molecules must become
based, not on what they are, but on what they dbo, that is, making pro-
teins. This process requires an indirect mechanism, called hypercycle by
Eigen, whereby the RNA molecules involved are selected by the protein
molecules they help to make. The formation of physical hypercycle com-
plexes could conceivably explain such effects, but not as a general mech-
anism. What is most likely is that the universal Darwinian mechanism
of cellular selection took over at this stage. This requires the RNAs and
their protein products to be segregated together in a large number of
discrete units capable of competing with each other.

We shall see in the following chapter that origin-of-life specialists do
not agree on the stage in the development of life at which the first cells
appeared. According to some, it all started with cells. Others consider
cell formation a late event. All, however, would agree that the beginning



72 LIFE EVOLVING

of protein synthesis represents an extreme limit beyond which life could
not have proceeded further without cellularization.

The first cells were obviously much simpler than present-day cells. We
shall call them “protocells.” The minimum required to make a protocell
capable of participating in a selection process is a set of replicatable
RNAs engaged in the sort of amino acid assemblies we have just
sketched, enclosed within an envelope together with all that is needed
for their replication, including the required protometabolic support. In
addition, these protocells must, like present-day cells, have been able to
grow and to multiply by division, competing among each other for avail-
able resources. This implies the ability to extract from the environment
the materials and energy they needed and to discharge waste products
into it.

One readily imagines such a collection of protocells engaged in a Dar-
winian type of competition dependent on the proteins they are making.
As a result of replication inaccuracies and other accidents, different pro-
tocells will perforce acquire different RNA variants. Suppose some of
these RNAs cannot make proteins, whereas others can. To the extent
that possession of proteins is favorable to protocellular reproduction, the
protocells capable of making proteins will be advantaged in the compe-
tition. In turn, those among the protein-making protocells that make
more proteins or make them faster will gain over the others. Such will
especially be the case for the protocells that make deter proteins. Thus,
thanks to cellular selection, RNAs most useful by way of the proteins
they are making will be favored.

You will notice that the preceding paragraph contains a shift from the
quantitative to the qualitative. There is mention first of “more” proteins,
then of “better” proteins. This transition reflects one of the great mo-
ments in the origin of life: the advent of translation and of the genetic
code.

THE ORIGIN OF TRANSLATION AND OF THE GENETIC CODE

Much has been written, but few experiments have been done, on the
origin of translation and the genetic code. I shall limit myself to two
aspects of a general nature. First, there is the structure of the genetic
code, which, it will be remembered, consists of a list of correspondences
between amino acids and specific base triplets represented, in comple-
mentary form, by the codons of messenger RNAs and by the anticodons
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of transfer RNAs. The simplest hypothesis to account for these corre-
spondences is to assume that they reflect the primeval chemical affinities
that, as we have seen above, presumably ruled the mutual selection of
amino acids and of their transporting RNAs; in other words, to assume
that future transfer RNAs selected the amino acids used for protein syn-
thesis by way of their anticodons. This attractive hypothesis has few
defenders today. The required chemical complementarities between an-
ticodons and amino acids do not seem to exist.’

Another hypothesis, likewise out of favor today, is that proposed by
Crick under the term “frozen accident.” According to this hypothesis,
the correspondences between amino acids and anticodons, and thus co-
dons, arose by chance, to be subsequently sealed by usage.

The theory considered most likely today supposes a historical, co-
evolutionary process in which the anticodons and the corresponding
amino acids were progressively recruited together under the control of
natural selection. Several arguments support this hypothesis. The most
convincing lies in the structure of the code, which, far from being ran-
dom, happens to be such as to minimize the deleterious consequences of
mutations. Indeed, in many instances, replacement of one base by another
in a messenger RNA codon leaves the nature of the inserted amino acid
unchanged—remember, the genetic code contains many synonyms—or
causes it to be replaced by an amino acid sufficiently similar to it in its
physical properties for the modified protein to remain functional. It has
been shown by theoretical model analyses that the present code is close
to optimal in this respect.” Unless intelligent design is invoked, such
optimization can be explained only by a competition among many dif-
ferent codes, with the verdict being rendered by natural selection. The
genetic code that has emerged is essentially universal, the only rare ex-
ceptions being due to minor changes that occurred late in evolution.’

The second point I wish briefly to address is the origin of translation
itself, which may not be as mysterious as it appears at first sight. In
descriptions of the function of messenger RNAs, it is customary to em-
phasize the “messenger” aspect of the molecules, that is, their informa-
tional role, neglecting the fact that they also play an important confor-
mational role in the physical organization of the ribosome system. By
pairing with the anticodons of the transfer RNAs, the codons of the
messenger RNAs not only selecs the appropriate amino acids; they also
help to immobilize the transfer RNAs on the surface of the ribosome in
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an orientation conducive to the joining together of the carried amino
acids by the catalytic ribosomal RNA component. It is quite possible,
perhaps even likely, that, in the primeval RNA scaffolding believed to be
responsible for the synthesis of the first proteins, the ancestral precursors
of messenger and transfer RNAs already interacted by something akin
to codon-anticodon pairing. This is a plausible hypothesis, considering
that base pairing is the main mechanism whereby RNA molecules in-
teract. Thus, if proteins were first made by a machinery consisting of
interacting RNA molecules, base pairing was almost certainly involved.

If the proposed hypothesis is correct, translation by codon-anticodon
pairing took place in some primitive fashion from the very beginning of
protein synthesis. The sequence of the resulting protein, however, de-
pended on whatever “code” existed at the time, that is, on which amino
acids were borne by carrier RNAs with different anticodons. From what
we have seen, this original code probably had little to do with the present
code, which shows clear evidence of being the outcome of a long selective
optimization process. It is interesting to consider the implications of such
a mechanism.

Let us start with a first code, whatever it was. The protocells obeying
this code will be subject to two kinds of mutations, depending on
whether a message or the code is affected. The first kind of mutations
will cause changes in only one protein, the one encoded by the altered
message and produced by translation from it in accordance with the ex-
isting code. Competition among protocells subject to such mutations will
lead to the selection of those that make the most useful proteins by way
of the particular coding system in use. The second kind of mutations
will have much more sweeping consequences; they will simultaneously
affect all the proteins in which some amino acids have been replaced by
others as a result of the change in the code. To illustrate the difference,
read this paragraph replacing “c” by “m” in only the word “code” (message
mutation) or everywhere in the paragraph (code mutation). In the first
case, the paragraph remains readable and even, stretching definitions a
little, understandable. In the second case, it is gibberish. Thus, one would
expect most code mutations to be lethal. But it could happen, on rare
occasions, that a change in coding produces a new set of functional pro-
teins, allowing the new code to survive and to compete with the existing
one. Such an event is likely to occur only in primitive systems containing
few proteins and admitting a certain leeway in the precision of transla-



HOW DID LIFE ARISE? FROM RNA TO PROTEIN-DNA 75

tion. With a large number of proteins and a strict translation system,
changes in coding are almost bound to be lethal. It is almost certain, in
such a case, that at least one indispensable protein will be rendered in-
active. It is this kind of consideration that has inspired the frozen acci-
dent theory. Once a code is in place in a sufficiently complex system, it
can no longer be changed.”

The fact that the present genetic code appears to be optimal suggests
strongly that the early history of protein synthesis depended largely on
code mutations,” that is, mutations in the amino acid-transporting
RNAs."” The major diversification of proteins and the kind of Darwinian
competition between genetic messages that is universal today can have

flourished only after the final code had been adopted.

THE BIRTH OF ENZYMES

In the proposed model, the evolution of early protein synthesis is pictured
as conditioned, in turn but with considerable overlap, by three different
kinds of mutations. These affected, first, the efficiency of the RNA ma-
chinery, then, the resilience of the coding system, and, finally, the quality
of the synthesized proteins. In the third kind, which eventually came to
dominate the scene, the main criterion of protocell selection was the
usefulness of the proteins arising by translation of mutated RNA mes-
sages, that is, their ability to favor protocell growth and proliferation.
This, presumably, is how the first protein enzymes appeared. To be sure,
these early enzymes were a far cry from present-day enzymes. They were
probably little more than about 20 amino acids long, as we shall see later,
and their catalytic activities must have been very rudimentary. Though
crude, these activities must nevertheless have been sufficiently useful to
favor the selection of the protocellular owners of the mutated RNAs. Let
us look a little more closely at how this could have happened.

It all has to start with a mutation of an RNA message—due, for
example, to a replication error—leading to the production of a modified
protein that happens to possess a certain catalytic activity, a primitive
enzyme. If the activity of this enzyme proves useful to the protocell in
which the mutation occurred, this protocell will multiply faster than the
others and its progeny will eventually become dominant. Let the same
phenomenon be reproduced for another enzyme, and selection will now
bring out protocells possessing the two enzymes. Step by step, repetition
of the same mechanism will finally lead to a population of protocells
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fitted with a full set of enzymes capable of satisfying all their needs. These
protocells will be freed at last from their dependence on the primitive
chemistry that supported the RNA world during its evolution. Proto-
metabolism has given place to metabolism.

It is difficult to account in any other way for the emergence of present-
day metabolism catalyzed by protein enzymes. A crucial element of the
envisaged scenario is the need for the retained enzymes to be useful,
without which there could be no selection. In order to be useful, an
enzyme must necessarily have available in its environment one or more
substances—the technical term is “substrates”—on which to act. Without
substrate, even the most sophisticated catalyst is valueless. The enzyme
must also have an outlet for the products it forms, if it is not to run into
a chemical dead end. These substrates and outlets must have been pro-
vided by the primitive protometabolism that supported the protocells at
the time. Or, put differently and more pertinently, only those enzymes
that found substrates and outlets in the existing protometabolism could
have been retained by selection. This protometabolism, therefore, acted
as a screen for the selection of the first enzymes, which must, by necessity,
have fitted within the existing chemistry. This, in my opinion, is a strong
reason for believing, as I have stated before in this chapter, that proto-
metabolism and metabolism were congruent, that is, followed similar
pathways.

This opinion is not shared by many scientists engaged in prebiotic
chemistry research, most of whom tend to follow the avenues of organic
chemistry more often than those of biochemistry. The attitude of these
experts is understandable, given the strict dependence of biochemistry on
enzymes that could not have been present in the prebiotic milieu. Con-
sidered from the point of view of organic chemists, the reactions that
take place in living cells are definitely not of the kind such chemists
would expect. On the other hand, the congruence argument cannot be
ignored. As mentioned above, the prebiotic participation of catalytic mul-
timers prefiguring present-day enzymes could possibly account for the
metabolism-like protometabolism required by this argument.

What about the role, in the proposed model, of catalytic RNAs—
ribozymes—to which the widely publicized image of the RNA world
attributes such fundamental importance? Such a role is evident in protein
synthesis, which clearly stands out as having almost certainly been orig-
inally carried out by RNA molecules (with the help of multimers?). It
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will be seen later that catalytic RNAs probably played an important role
also in the lengthening processes that have led to present-day genes.
Here, again, revealing traces of such a function are found in present-day
living beings. Have ribozymes, in addition, carried out, as many believe,
a number of catalytic functions fulfilled today by protein enzymes? It is
not impossible, but little in present-day living organisms supports this
idea.” It is worth recalling that the first RNAs were the products of a
complex chemical network in which, by definition, ribozymes had no
part. In principle, therefore, this network, if sufficiently stable, could by
itself have supported the entire evolution of primitive life toward the
metabolic autonomy ensured by protein enzymes. It is, of course, pos-
sible, that this network came to be enriched by ribozymes in the course
of its evolution.

Tue GrowTH OF PROTEINS

At the stage we have reached in our attempt at historical reconstruction,
emerging life started to resemble present-day life, with, however, two
important differences. Genes were most likely made of RNA, not of
DNA; and they must have been much shorter than today’s genes. How
did the long DNA genes that exist today and, as we have seen, must
have existed already in the common ancestral form from which all known
living beings are derived, arise? The present structure of genes offers some
clues to this question.

THE FIRST GENES WERE VERY SHORT
According to Manfred Eigen, already cited several times, the first RNA
genes were probably no more than some 75 bases long, the size range of
transfer RNAs, which Eigen has tentatively identified as the direct ev-
olutionary descendants of the primeval gene (see Chapter 4). This esti-
mate, which is to be compared to the many hundreds of bases that com-
pose today’s genes, is consistent with theoretical calculations, also by
Eigen, showing that the length of a replicatable molecule is limited by
the accuracy of the replication system.'* According to Eigen’s theory, a
length of 75 bases would correspond to a maximum replication error rate
of 1.33 percent, not an unlikely value for the very crude system that must
have operated in those early times.

There is an interesting corollary to these evaluations. If the maximum
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length of the first RNA genes was 75 bases and if allowance is made for
a few untranslated bases at both ends of the molecule, the first protein
enzymes produced by translation of those genes could have been little
more than about 20 (one amino acid per base triplet) amino acids long.
This means, contrary to what is sometimes stated, that peptides of such
short size can display catalytic activities. These, no doubt, were much
cruder than those of present-day enzymes but, as we have seen, must
have sufficed to ensure all the needs of incipient metabolism. This fact
lends credence to the proposal, made in Chapter 4, that small peptides—
or closely related multimers—may have served as catalysts in
protometabolism.

GENES GREW BY MODULAR COMBINATION

How did the primeval genes grow to tens of times their original length?
If, as just seen, the accuracy of replication limits the size of the genes,
their lengthening necessarily had to proceed by way of the development
of more precise replication systems. This phase of evolution thus appears
as contingent on mutations leading to replication systems of increasing
accuracy. One may thus imagine a series of steps, characterized each by
the appearance of a more reliable replication enzyme, allowing a corre-
sponding lengthening of the genes and, therefore, of their protein prod-
ucts. To the extent that longer proteins can make better enzymes, each
stage will thus lead to a general improvement in the efficiency of the
protocells’ enzymes.

It is very probable that this lengthening did not take place gradually,
base per base, or amino acid per amino acid, but, rather, in modular
fashion, by the combination of entire segments of RNA (or, perhaps, of
DNA, see below) and thus, for proteins, by the combination of entire
peptide blocks. Undeniable traces of such a process are found in the
structures of present-day proteins, which are manifestly made of modules,
or “motifs,” of which many participate, diversely associated, in the con-
struction of a number of different proteins. It is possible that the im-
mense variety of present-day proteins is the outcome, further diversified
by evolution, of the combination of only a few thousand distinct modules.
An important aspect of this genetic combinatorial game is that it provides
an answer to the “sequence paradox” already evoked in preceding chap-
ters, namely the fact that life occupies a negligible fraction of the space
of possible sequences, a place that, according to the defenders of intel-
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ligent design, it could not have reached without guidance. Consider the
following elementary calculation.

Suppose that the first proteins had a length on the order of 20 amino
acids and, which is far from certain, that they were already constructed
with the 20 known proteinogenic amino acids. This amounts to a total
of 20%, or 10, different possible arrangements. The figure is high, but
not inordinate. Note that if, as many believe, life started with a smaller
number of amino acids, the estimate would be much smaller. But let us
stick to our first figure: 10°, or 100 million billion billion different pos-
sible proteins 20 amino acids long. It is an enormous number. Yet, if
protocells had been the size of present-day bacteria—they could very well
have been smaller—that number of protocells could have fitted, with 99.9
percent of the volume to spare, in a moderate-size lake measuring, for
example, 20X50 kilometers in surface and 100 meters in depth. Reflect,
in addition, that millions of successive generations of protocells may have
succeeded each other during the time it took for incipient life to acquire
its first full set of protein enzymes and one arrives at the conclusion that
this outcome may have been the fruit of an essentially complete exploration
of the available sequence space, reduced in the end to a few hundred by
natural selection.

The next step, according to the proposed hypothesis, involves an es-
sentially random combination of existing sequences, with, again, natural
selection deciding. Admitting, for the sake of simplicity, the presence, at
the start of this phase, of 1,000 different proteins of 20 amino acids each,
we find that their combination two by two may yield a maximum of one
million (1,000X1,000) different proteins of 40 amino acids. Exhaustive
exploration of this space is obviously possible. After adequate reduction
of the number of sequences by natural selection, we once again reach a
figure allowing the complete exploration of the subsequent space—com-
prising, for example, sequences of 60 or 80 amino acids—which, in turn,
will be reduced to a manageable size by natural selection. Thus, by the
repetition of the same process at an increasing level of complexity, life
could have reached the infinitesimal place it occupies in an immeasurably
immense sequence space by a course that involved, at each stage, the
faculty of testing and submitting to natural selection virtually all the
molecular sequences that were possible at that stage.

Needless to say, reality must have been considerably more complex
than the highly schematic succession of events I have considered. But



80 LIFE EVOLVING

the principle is clear. The combinatorial mechanism of gene lengthening
provides a solution to the sequence paradox. In lieu of intelligent design,
natural selection has served as a guide among what, at any given time,
was an essentially complete choice of available possibilities.

There can be no question of examining here the mechanisms that
could have mediated this combinatorial game. Let me simply point out
that the present-day living world holds numerous examples of RNA
processing.” Remarkably, this is the second area, besides protein synthe-
sis, in which ribozymes play a major role. It is tempting to assume that
these ribozymes may be descendants of catalytic RNAs that participated
in the lengthening of the first genes. This is one reason for supposing
that this process involved RNA segments. But a process involving DNA
segments cannot be excluded.

Tuae Apvent or DNA

The stage in the origin of life at which DNA appeared is not known.
All that can be said is that DNA almost certainly came after RNA. We
have seen that numerous arguments support this view. Also highly prob-
able is the notion that DNA was derived from RNA. The two kinds of
molecules are so similar that any other hypothesis hardly seems conceiv-
able. Indeed, it sufficed, in order to pass from RNA to DNA, that two
RNA constituents be replaced by two close relatives, ribose by deoxyri-
bose, and uracil (U) by thymine (T). As to the information, one readily
imagines that it may have been transferred from RNA to DNA by reverse
transcription, as happens in cells infected with retroviruses, such as the
AIDS virus. Two additional reactions were required for the DNA to
become operational, replication of the DNA and its transcription to
RNA. The reactions involved in all three processes resemble greatly the
primary reaction of RNA replication. In all four cases, there is assembly
of a polynucleotide chain (RNA or DNA) on a template made itself of
either RNA or DNA, by a mechanism dependent on base pairing. The
primitive enzyme that affected RNA replication could have served ini-
tially to catalyze these other reactions following some minor changes in
its structure or, perhaps, without any such changes at all.

So much for mechanisms. What about the advantages that could ex-
plain the selection of the mechanisms? The most evident of these ad-
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vantages is the division of the functions previously fulfilled only by the
RNAs. Information storage and replication become the prerogative of
DNA, while the utilization of this information for protein synthesis and
other functions remains the province of RNA. Thanks to this division,
all the genes could be regrouped, most often in single copies, in one long
molecule, the first chromosome. And the replication of these genes could
be carried out in synchronous fashion, coordinated with cell division,
leaving to RNAs the faculty of performing their functions without im-
pediment, such as, for instance, the formation of poorly reactive double-
helical structures arising from RNA replication.

Another advantage of DNA is that it allows a selective expression of
individual genes by way of transcription. This control takes place today
by means of regulatory sequences interposed between the genes in the
chromosomes. These sequences are acted upon by proteins, called zran-
scription factors, that either stimulate or repress the transcription of the
genes commanded by the sequences. As a result of these influences, in-
dividual RNAs and, therefore, proteins may be either produced or not,
or produced in greater or lesser amounts, according to relationships that
natural selection has adapted to the requirements of the cells. It may thus
happen that certain enzymes are manufactured only when their need
becomes manifest (by way of chemical circuits, needless to say). This
kind of regulation, which is already important in bacteria, has become
essential, as will be shown in Chapter 11, for the genesis of cells per-
forming different functions in eukaryotes. Transcription, it should be
noted further, most often involves only one of the two DNA strands. It
thus yields single RNA strands that do not run the risk of being smoth-
ered into double helices by complementary strands.'

These advantages, to which one should add many others to be com-
plete, suffice to demonstrate the irreplaceable character of DNA in all
extant living beings. The benefits are so important that one would be
tempted to suppose that DNA appeared very soon after RNA, especially
as its advent does not seem to have required major chemical innovations.
One may wonder, in this respect, whether the gene-lengthening process
mentioned above could have taken place with DNA or had to occur with
RNA. The first hypothesis is plausible, as many combinatory processes
involving pieces of DNA are known. On the other hand, the importance
and nature of the modifications undergone today by RNAs, in particular
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splicing, and the involvement of ribozymes in some of these processes,
argue in favor of the second hypothesis, as we have seen. The uncertainty
remains.

How Lonc Dip It Takg?

It was believed at one time that life may have required as long as several
hundred million years to arise. Remember, it was this belief that led Crick
to propose his “directed panspermia” theory. It is because he felt that
there was not enough time on the prebiotic Earth for life to develop
locally that he suggested an extraterrestrial origin (see Chapter 3). This
argument is no longer considered valid by most workers in the field. In
fact, the chemical nature of the processes involved makes it imperative
for them to have been relatively fast. Otherwise, the many fragile inter-
mediates that must have participated in the process could not possibly
have reached levels compatible with their further utilization.

To illustrate this fact, let us consider the conversion of sugar to alcohol
(and carbon dioxide). In nature, this process takes place by ten consec-
utive steps. Put in highly schematic terms, substance A (sugar) is con-
verted into B, which becomes C, and so on, until the final product K
(alcohol) appears. Suppose we add sugar (A) to an appropriate mixture
of catalysts—yeast juice, for example, as in Buchner’s celebrated experi-
ment (see Chapter 3)—and follow the course of the process. We shall
witness the successive rise of the levels of B, C, D, E; ¥, G, H, 1, ],
ending with the appearance of alcohol (K). Eventually, the system will
adopt a state of dynamic equilibrium, or steady state—its cruising speed,
so to speak—with the levels of all intermediates remaining constant or
falling very slowly, while sugar progressively disappears and alcohol
appears.

With concentrated yeast juice, which contains all the necessary en-
zymes in large quantities, this state could be reached in a few minutes.
But if the amount of yeast juice added is decreased, the time needed to
arrive at a steady state will increase, until the degree of dilution of the
enzymes becomes such that the transformation of sugar into alcohol
ceases to take place at a detectable rate. A given reaction of the chain—
the conversion of F to G, for example—has become so slow that the
intermediate G, deviated by side reactions (in particular spontaneous deg-
radation), never reaches a sufficient concentration to allow its subsequent
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transformation into H to occur at an appreciable rate. Transposed to the
prebiotic era, this example supports the statement that, in the unfolding
of the chemical reactions that first led to life, each step must have been
fast enough for the next step to be possible. From the moment the rate
of formation of a fragile intermediate becomes too slow in relation to its
rate of degradation, the process, perforce, grinds to a halt.

How fast is fast enough? How slow is too slow? It is practically im-
possible to answer this question without some fairly accurate model of
the phenomena involved. All that can be said is that, if the pathways
followed by prebiotic chemistry in some way resembled present-day
metabolic pathways—the contrary, we have seen, is unlikely—the time
taken by nascent life to move from the basic building blocks produced
by cosmic chemistry to the first RNA molecules cannot possibly have
numbered in millions of years, perhaps not even in millennia or cen-
turies. A number of metabolic intermediates, such as ATP and the
other RNA precursors, are much too fragile to participate in such slow
processes. But is it a question of hours, days, months, or years? With-
out knowledge of how things happened, conjecture is fatuous. In any
case, what counts most is not the time taken for the first RNA mole-
cules to arise but the time during which the primitive chemistry had to
support emerging life throughout the development of replication, pro-
tein synthesis, translation, the genetic code, and, finally, the first en-
zymes. Only at the end of this long road did nascent life reach a suf-
ficient degree of metabolic autonomy to cease being dependent on the
primitive chemistry. Let us just consider the last phase, in which en-
zymes were acquired.

The minimum number of enzymes needed to allow autonomous life
of the present-day kind is estimated to be about 300.” Even if the
protocells could do with a smaller number of enzymes of broader spec-
ificity, it is difficult to imagine autonomy with less than, say, 100 dif-
ferent enzymes. This means that, just to get out of the RNA world
and acquire a first set of rudimentary enzymes, the protocells had to go
through at least 100 selection rounds, initiated each time by a single
mutant protocell. In each round, this mother protocell must have gen-
erated, by successive divisions, a population endowed with the new
property, a population that becomes dominant, by selection, because of
this new property. Another beneficial mutation occurring in this pop-
ulation then sets forth a new selective episode of the same kind, with
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the same sequence of events being repeated at least 100 times. With
modern bacteria and optimal selection conditions, a history involving
100 successive selection events would probably demand a minimum of
several months. This is to say that, with primitive protocells and en-
vironmental conditions no doubt far from optimal, acquisition of the
first elements of metabolic autonomy may have required a considerable
amount of time, to be measured in centuries, if not millennia, depend-
ing on the efficiency of the primitive chemistry that supported the
protocells.

But this is not the end. For the protocells to evolve into something
resembling bacteria, much more had to happen. The primitive genes had
to grow to their present length by a process that, as we have seen, prob-
ably depended on a number of successive cycles of combination followed
by selection. In addition, the genetic information had to be transferred
from RNA to DNA, and the machineries required by this transfer had
to be set into place. Altogether several additional millennia may well have
been needed. This estimate should be tempered by the fact that the
processes under consideration probably were continually accelerating,
their main driving force being the gain in metabolic efficiency.

In conclusion, and granting the extremely rough nature of such eval-
uations, the complete pathway from building blocks to the first organisms
possessing the basic properties of present-day life may have taken a
time—probably to be counted in millennia or, possibly, in tens of mil-
lennia—very much shorter than the hundreds of millions of years pro-
posed by earlier estimates. In fact, as already pointed out in Chapter 3,
with a window of some 100 million years between the time Earth became
physically capable of harboring life and the time the common ancestor
of all life emerged, there may have been plenty of opportunities for living
forms to arise—and disappear—at various times and in various places,
before life finally took root.

Even so, the estimated order of magnitude represents a considerable
amount of time, totally incompatible with the frequently presented im-
age of the RNA world as a fleeting and precarious stage, rendered pos-
sible by exceptional conditions and rapidly leading to a stable situation
secured by genetic continuity. Protometabolism must have rested on a
robust chemistry, solidly supported by the prevailing physical-chemical

conditions.



6. How Did
Life Arise?

TuEe BirTH
ofF CELLs

HE CELL IS THE
unit of life. We
have seen in the
preceding chapter why
cellularization was ab-

solutely necessary for
life to proceed beyond a certain level of chemical development. But we
have not considered the possible nature of the mechanisms involved in
this key step, nor the stage in the development of life at which it took
place. The best way to approach these questions is to examine first the
main requirements that need to be met in order for cells to exist.

TuE Makings oF A CELL

Cellular life depends on a number of fundamental properties that must
have been achieved, albeit in primitive fashion, already in the first pro-
tocells. What is needed, in the first place, is a boundary, obligatorily
endowed with the ability to exchange matter, energy, and information
with the outside. In addition, cells must be capable of growing within
the confines of their boundary and of multiplying by division.

THE HALLMARK OF A CELL IS A SURROUNDING MEMBRANE

The interior of cells is semifluid; it runs out readily as soon as the sur-
rounding “skin,” or membrane, is torn. This membrane forms a closed,
saclike structure that envelops and keeps together the cell contents. Thus,
the existence of a cell is contingent on the existence of a closed peripheral
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envelope. Everyday experience gives us a hint as to how this can occur.
Whenever we use soap, we witness the creation of such structures, in the
form of foam or bubbles. Physically, biological membranes are not very
different from soap bubbles. In both cases, we are dealing with exceed-
ingly thin, highly flexible, self-sealing films, only a few millionths of a
millimeter in thickness. In both cases, the films consist at the molecular
level of two opposed layers made of long, stick-like molecules that are
closely packed parallel to each other and perpendicular to the plane of
the layer, like bristles on a flat, doormat-like surface. The two layers
always oppose each other by the same face, which allows two arrange-
ments, bristles to bristles, or back to back, in our mat analogy.

The secret of such arrangements lies in the anatomy of the constituent
molecules, which consist of a long, fatty tail made only of carbon and
hydrogen, such as is found in petroleum hydrocarbons, attached to an
electrically charged head. The tails of the molecules have, like hydrocar-
bons (and biological oils and fats), a strong tendency to avoid water and
keep together. The heads, on the contrary, have a high affinity for water,
which is a polar molecule to which they bind by electrostatic attractions.
When such substances are agitated with water, they spontaneously or-
ganize so as to satisfy both kinds of preferences.’ The tails stick to each
other, forming the bristles of the mat, while the heads remain in contact
with water, joining to form the back of the mat.

In soap bubbles, two layers of such molecules face each other by their
heads, held together by a film of water, and the tails are in contact with
air inside and outside the bubble. The reverse arrangement is found in
biological membranes. In it, the two layers face each other by the tails
of the molecules, which are intermingled to form a fatty, water-
impermeable film. The heads of the molecules line the outer faces of the
film, in contact with the two watery milieus present inside and outside
the sac. Such structures are self-sealing, like soap bubbles. They always
organize into closed sacs.

The membranes that surround living cells (and partition many into
distinct compartments) are all made of such double layers, or bilayers.
Their constituent molecules are known as phospholipids. As their name
indicates, these substances belong to the general group of lipids, or fatty
substances, from which they derive their fatty tails. In addition, they
contain phosphate and other electrically charged groups, which make up
their water-loving heads.
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CELL MEMBRANES MEDIATE EXCHANGES WITH THE OUTSIDE

In themselves, phospholipid bilayers are little more than inert barriers
that effectively separate from the outside the inside of the enclosures they
delimit. They stringently curtail the exchanges of materials between the
two. In cell membranes, these exchanges are ensured by proteins” inserted
into the bilayer, which serve as entry and exit ports that permit, among
other substances, nutrients to get in and waste products to get out. These
ports often consist of several different proteins, organized so as to allow
only certain specific substances to pass through. Some are fitted with
energy-transducing systems, supported by ATP or by electric disparities,
that can force given molecules to move against the direction of their
normal flow. As is well known, molecules spontaneously diffuse from
higher to lower concentrations, tending toward uniformity, the state of
highest entropy. This tendency is countered, with the expenditure of
energy, by what are known as active transport systems, or pumps.3 Cells
equipped with such systems can draw in rare materials from the envi-
ronment or, conversely, drive back into the environment materials already
present in it in high amounts.

The outer membranes of cells are also fitted with systems, called re-
ceptors, that allow the cells to respond to external chemical signals. Re-
ceptors usually consist of protein molecules inserted into the lipid bilayer
and containing outward oriented sites capable of specifically binding cer-
tain substances, such as nutrients, hormones, or drugs, present outside
the cells. As a result of this association—incidentally, a typical case of
the mortise-and-tenon kind of molecular complementarity—the receptor
molecules undergo a change in conformation, which, in turn, affects some
system inside the cell. Receptors thus make it possible for outside sub-
stances to influence cells without entering them; they play a very im-
portant role, especially in multicellular organisms, where they allow dif-
ferent cells to communicate with each other by a highly intricate chemical
language. Much of pharmacology depends on substances capable of in-
teracting with certain surface receptors and thereby inducing some spe-
cific effects.

EXTERNAL WALLS OFTEN PROTECT CELL MEMBRANES

Most bacteria are surrounded by a rigid structure known as the ce// wall.
This structure, which is external to the cell membrane proper, is assem-
bled from materials the cells secrete around themselves. In some in-
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stances, the wall is little more than an inert, porous shell serving mostly
a protective function. In others, the wall’s fabric is more complex, often
lined inside by a membrane-like skin; and the space between wall and
membrane, called periplasmic space, is the site of various chemical events,
in particular the digestion of complex substances.

In the vast group of eubacteria, or Bacteria (see Chapter 8), this wall
is made of a substance called murein, a gigantic mesh of interlinked sugar
and amino acid molecules that completely surrounds the cell within a
netlike structure. Interestingly, murein, in contrast to proteins, contains
amino acids of D, as well as L, chirality (see Chapter 5). In the other
main group of bacteria, archaebacteria or Archaea, the wall is made of a
similar substance, pseudomurein, which contains only L-amino acids.
Note that the wall is not an essential component of bacterial life. Nat-
urally wall-less forms exist, sometimes in what could be taken as hostile
environments, very hot ones, for example.

In eukaryotic life, walls are often replaced by more flexible outer cov-
erings that permit surface deformations, such as are involved in move-
ment or phagocytosis (see Chapter 10). Only the cells of plants and fungi,
which are immobile, are surrounded by rigid casings, usually made of
carbohydrate polymers, such as cellulose (plants) or chitin (fungi).
Hooke’s original “cells” (see Chapter 1) were no more than the remnants
of the joined casings that were inhabited by cells in the living bark.

THE “INNARDS” OF CELLS
There is an enormous difference between the inside of eukaryotic cells
and that of bacteria. As we shall see in Chapter 9, eukaryotic cells harbor
a characteristic nucleus and a variety of membrane-bounded parts. Bac-
terial cells are much simpler. Many contain none of the structures seen
in eukaryotic cells and offer better examples of the minimum needed to
make a living cell. The most primitive such cells belong to the order
Mycoplasmatales, often used nowadays in experimental attempts at iden-
tifying the minimum number of genes compatible with independent life.
It is from such cells, deprived of various genes by experimental manip-
ulations, that the figure of about 300 essential genes, mentioned in the
preceding chapter, has been obtained.*

In bacterial cells, the genes are linked together in a single, often cir-
cular structure, or chromosome, anchored to the cell membrane. Essential
components include all the enzymes needed for replication and transla-
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tion of the genes, as well as the ribosomes and transfer RNAs required
for the translation of genetic messages into proteins. In addition, the
cells contain a core of metabolic enzymes, allowing the use of environ-
mental materials, whether mineral (autotrophs) or organic (heterotrophs),
for the retrieval and use of energy and for the synthesis of all cellular
constituents.

THE GROWTH AND MULTIPLICATION OF CELLS

In a way, division is an almost obligatory correlate of growth. Consider
a spherical cell. As it grows, its volume increases by the third power of
its radius, its surface area only by the second power of the radius. A stage
must necessarily be reached where the surface area becomes insufficient
to support the exchanges with the environment needed for further
growth. There are two possible solutions to this problem. The cell shape
may change, allowing a greater surface-to-volume ratio. Or the growing
cell divides into two smaller, spherical cells no longer subject to the lim-
itations of the parent cell. The first solution is often observed, especially
in eukaryotic cells. The second solution is universal.

In eukaryotic cells, cell division depends on highly intricate mecha-
nisms, which will be considered in Chapter 9. The mechanisms are sim-
pler in bacteria but, nevertheless, involve coordinated events directly
linked to DNA replication. Once the chromosome has been duplicated,
a set of processes are triggered, leading to progressive stricture that even-
tually divides the cell into two parts, each containing a chromosome and
a full complement of enzymes and machineries needed for viability. In
the course of this process, cell membrane and cell wall reorganize to form
closed boundaries surrounding the two parts.

TaE MAkING OF THE FirsT CELLS

With the information summarized above, we may now examine how the
external envelope of the first cells could have formed and at what stage
this confining event took place.

THE FIRST CELL BOUNDARIES

Artificial phospholipid vesicles are readily made simply by subjecting a
mixture of phospholipids and water to vigorous agitation, by means of
ultrasounds, for example. Structures of this kind are made industrially on
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a large scale and marketed, under the name of /iposomes, to serve as
vehicles for cosmetics and drugs. It is thus easily imagined that the first
protocells arose in a similar manner on prebiotic Earth, maybe not from
phospholipids, which are fairly complex substances, but from simpler
materials with similar physical properties. This theory, which is supported
by the detection of traces of such materials in meteorites, is advocated
by a number of scientists.

The theory is attractive but meets with a serious difficulty. Liposomes
are very impermeable. They let through only molecules that are suffi-
ciently fat-loving to pass through the thin, oily film of the lipid bilayer.
One hardly sees how the RNA world could have developed and been
maintained within such a hermetic enclosure, whatever the chemical pro-
cesses involved and the stage at which cellularization took place. Sub-
stances had to enter the protocells to feed the metabolic and synthetic
reactions that took place inside them, and the waste products of these
reactions had to get out. Few of the molecules known to participate in
these processes today have physical properties allowing them to readily
traverse lipid bilayers. That things might have been different for the
primitive processes would be surprising.

A possibility, evoked by Blobel, the German-American biologist al-
ready mentioned in Chapter 2, is that the vesicles were born empty and
first served as support for externally attached prebiotic systems. In the
course of their evolution, the flat vesicles would have progressively folded
around the attached systems and ended up surrounding them with a
double-membranous envelope, which would close only after acquiring a
minimum of transport systems. In apparent agreement with this proposal,
a number of bacteria are surrounded by two membranes, of which the
outer one lines the inner face of the cell wall.’ It is not known, however,
whether this trait is an ancient heirloom.

Another possibility is that the first envelopes were not made of lipid
bilayers but were porous structures possessing openings that let through
foodstuffs and waste products while opposing the passage of the large
molecules, RNAs and proteins, that had to remain inside. Those open-
ings would have become progressively plugged with lipids as exchange
systems were put into place. Some structure ancestral to the cell wall
could have played this role.

There is no indication that cell membranes are derived from cell walls.
But the structure of cell walls suggests a possible model for an ancestral
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porous envelope made of amino acids and related substances.” We have
seen in Chapter 4 that peptides containing the two kinds (L and D) of
amino acids could have been present on prebiotic Earth long before the
appearance of authentic proteins. There is thus a possibility that such
substances combined to form the first cellular envelopes, later to be joined
by phospholipids and by true proteins, eventually to be replaced by the
latter.

CELLULARIZATION: EARLY OR LATE?

In the opinion of many scientists, the formation of cells initiated the
development of life. Some sort of physical aggregates or vesicles are be-
lieved to have formed first and to have served as seeds on which, or
within which, chemical events of the kind sketched out in the two pre-
ceding chapters took place. In one version of this theory, these structures
were associated from the start with light-sensitive molecules that allowed
the biogenic process to be supported by sunlight energy right from its
onset.”

Others, among them Miller and Eigen, already cited, have proposed,
instead, that life arose in an unstructured “primeval soup” and that cel-
lularization came later. Opponents of this theory point out that no con-
ceivable “soup” could ever have been thick enough to harbor the complex
chemical processes that led to life. To this criticism, Miller responds with
his model of a “drying lagoon,” in which evaporation would have pro-
duced the required concentration.

Gunter Wichtershiuser, a German chemist and patent lawyer who
has developed a considerable interest in the origin of life, rejects both
the primeval cell and the primeval soup in favor of a two-dimensional
process unfolding on the surface of some submerged rocks before be-
coming confined.® He has proposed highly elaborate models of such a
process, largely inspired by existing biochemical mechanisms.” Some of
his ideas are being tested experimentally, with encouraging results.

It would be useful, in order to distinguish among these various the-
ories, to have some information on the site where life originated. This
point will be addressed later in this chapter. As will be seen, some sug-
gestive clues are available, but they are not sufficiently unequivocal to
be helpful. All that can be said for the time being, as shown in the
preceding chapter, is that partitioning of nascent life into a large num-
ber of discrete entities became mandatory when molecular selection
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could no longer solely account for further development and had to give
way to cellular selection. Whatever model is adopted for the origin of
life, this stage must have been reached at the latest by the time the
protein-synthesizing machinery began to settle into place and genes
became selected on the strength, not of their molecular properties, but
of the properties of their protein products. It is, of course, possible that
cellularization occurred earlier. Much depends on the chemical nature
of the first boundaries. If phospholipids or similar bilayer-forming mol-
ecules were required, this would argue in favor of a relatively late event,
occurring at a stage where a certain degree of metabolic sophistication
had already been achieved.

CELL DIVISION

The ability to divide must have been a property of protocells from the
moment their existence became indispensable. The reason for this is sim-
ple. If, as pointed out earlier, protocells were required to allow a process
of cellular selection, they could have played this role only if they could
multiply.

This means that even very primitive protocells, just beginning to ac-
quire RNA-dependent protein synthesis, must already have been able to
divide. The mechanisms involved in this process were no doubt very
crude, no more elaborate, perhaps, than the random kind of splitting that
affects soap bubbles subject to physical stress, but sufficient, nevertheless,
to allow a certain segregation of genes. Because of the importance of
correct division for participation in Darwinian competition, it may be
surmised that any genetic modification leading to a more reliable form
of division would likely be retained by natural selection.

FROM PROTOCELLS TO THE FIRST CELLS

The first protocells were very different from even the simplest conceivable
bacterial cell that could fulfill our description of the common ancestor of
all life. As we have seen, they must, after their first appearance, have
gone through a long developmental phase, during which genes and their
protein products progressively lengthened up to their present size, leading
to the production of more numerous and more efficient protein enzymes.
The protocells must also at some time have switched from RNA to
DNA, with all that such a shift implied in terms of new processes. Fur-
ther progress would have included the adjoining of protein components
to the ribosomal RNAs, with formation of the first ribosomes, construc-
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tion of the first chromosome from the linking together of the genes, and
better control of replication and transcription.

As the protocells thus evolved in the direction of increasing autonomy,
there must have been a parallel evolution of their cellular envelopes,
which must have acquired a variety of entry and exit ports and other
complex systems adapted to the protocells’ increasingly demanding meta-
bolic requirements. At the same time, the mechanisms of cell division
must have become increasingly organized and coordinated with DNA
replication. Finally, organisms beginning to resemble present-day bacteria
would have emerged.

THE WAY TO THE COMMON ANCESTOR

The end product of the long exploratory process just sketched out could
have been the common ancestor, but there is no special reason why it
should have been. If the estimates arrived at in the preceding chapter are
anywhere near the truth, the actual genesis of viable bacterium-like or-
ganisms could have taken only a small fraction of the time that elapsed
between the moment Earth became capable of harboring life and the age
of the earliest fossil signs of life so far detected. It is thus possible that
the common ancestor emerged only at the end of tens of millions of
years of evolutionary history, punctuated by a wide diversity of inter-
mediate forms of which none have been perpetuated in descendants that
would allow us to trace the pathway followed.

We shall encounter this problem several times in our attempt to re-
construct the history of life. At some critical stage, there is a bottleneck
that allowed only one successful form to evolve further, up to the present
day. The impression is left either of a stringently channeled process or
of some highly improbable, lucky breakthrough. In reality, this impression
may be false. Before reaching the bottleneck, many gropings may have
produced many forms vying for survival, until a particular trait gave one
of the forms such a selective advantage under the prevailing conditions
that all the others eventually disappeared. The common ancestor may
have been such a lucky form, adapted to a set of particularly stringent
environmental conditions.

TuE CRADLE OoF LIFE

From what we have seen in Chapter 3, there is no compelling reason for
believing that life came to Earth from outer space. It thus seems reason-
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able to assume, until proven otherwise, that life started on our planet.
But where on our planet? This question was briefly addressed in the
beginning of Chapter 3, when the possible properties of the common
ancestor were considered. Mention was made of the theory, entertained
by a number of scientists, that life originated in a very hot environment.

The “hot-cradle” theory was first proposed in the 1980s by the Amer-
ican microbiologist Carl Woese, famous for the discovery that prokary-
otes form two distinct evolutionary domains that separated at the dawn
of microbial life (see Chapter 8). Woese’s main tool was comparative
sequencing (see Introduction and Chapter 7) of ribosomal RNAs. In
addition to showing the early split of prokaryotes into two domains, his
results indicated further that the most ancient microbes in both domains
were thermophiles, that is, adapted to high temperatures.'® These find-
ings happened to coincide with the discovery of deep-sea hydrothermal
vents, those abyssal volcanic springs already mentioned in Chapter 3. The
possibility that life may have started in those mysterious, sulfurous depths
has since attracted considerable interest.

There is much to be said for a volcanic cradle of life. Such an envi-
ronment could have been a rich source of energy and of elements, such
as sulfur, iron, and phosphorus, suspected of having played an important
role in biogenesis."" Also, it seems likely that our young planet, which
was just beginning to recover from the convulsions of its violent birth,
was still erupting with volcanic outbursts all over its surface at the time
life originated.

The hot-cradle theory has been criticized on the grounds that fragile
chemical intermediates could not have survived such conditions long
enough for the life-generating process to unfold productively. Some in-
vestigators, including Stanley Miller, the founder of prebiotic chemistry,
and his former associate Jeffrey Bada, have proposed, on the strength of
this argument, that life must have arisen at a very low temperature, near
the freezing point of water. It could, however, be argued that heat ac-
celerates all chemical reactions, not just the degradative ones. If fruitful
reactions were favored by heat as much as the degradative ones, life could
have started at any temperature. One could even visualize situations
where heat might promote the development of life (if heat favors syn-
theses more than degradations). In any case, the existence of thermophilic
organisms certainly proves that heat-resistant life is possible; the question
is whether this property is an early or a late acquisition.
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Other objections have been raised in recent years against the hot-
cradle theory. One is technical. The significance of the sequencing results
indicating that the most ancient bacteria were thermophiles has been
questioned by some experts. Furthermore, it has been pointed out that,
even if the common ancestor were to have been a thermopbhile, this would
not necessarily mean that life originated in a hot environment. As we
have seen above, it is very possible, if not likely, that the common an-
cestor arose from the first cells through a long evolutionary history. If
such was the case, the nature of the environment occupied by the com-
mon ancestor is irrelevant to the conditions in which life first arose.
Thermophilia could be a late property. It may even have been a saving
one if heat created the bottleneck from which the ancestor emerged.

A question related to this problem concerns the source of the energy
that supported the early biogenic processes. If, as some workers believe,
light was involved in the primary process, only surface waters could have
harbored the origin of life. There are some difficulties with this theory,
however. The main one is that photosynthetic life is a discontinuous
process, daily interrupted by hours of darkness. Present-day photosyn-
thetic organisms live on their reserves during that time. It is difficult to
visualize a primitive system endowed with such an ability from the start.
Another difficulty is that photosynthetic systems, at least in their present
form, depend on complex, membrane-embedded molecular associations.
Primitive systems of this sort are not readily imagined.

FinaL CoMMENTS

This and the two preceding chapters were headed by the question: How
did life arise? The answer to this question is clear: We don’t know; and
we may not know for a long time to come. But, at least, we can make
conjectures that are open to experimental testing. This is because we
understand life. This dependence of research and speculation on know-
lege should be even greater in the future if the congruence argument is
followed. The history of life, including its origin, is written into the very
fabric of present-day organisms. It is up to us to decipher the fine print
and draw the conclusions.

A major lesson we have learned, already emphasized several times in
the preceding pages, is the primacy of chemistry. In many popular ac-
counts, the respective roles of chemistry and information in the origin
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of life are presented as a “chicken-or-egg” problem. This is wrong. There
can be no doubt that chemistry came first. Not just the kind of chemistry
that produces small given molecules—mostly the province of cosmic
chemistry—but the chemistry that involves complex interactions among
these molecules and is supported by a constant flow of energy; in other
words, metabolism. As shown in the preceding chapter, the long succes-
sion of events that must obligatorily be posited to account for the de-
velopment of the first genes and the first protein enzymes could not
possibly, whatever their mechanisms, have taken place without a solid
protometabolic underpinning steadily maintained for as long as several
millennia.

There is an important implication to this condition. By virtue of their
chemical nature, the phenomena that gave rise to life were closely de-
pendent on the physical-chemical conditions—lighting, humidity, tem-
perature, acidity, availability of organic precursors, presence of mineral
elements, etc.—that prevailed around them. What these conditions may
have been is still, as we have seen, the subject of much debate. But one
thing is clear. Whatever the conditions were, they must have enjoyed
considerable szability in order to continue supporting the early chemical
processes during the time required—at least several millennia, according
to my estimate (Chapter 5)—for emerging life to be capable of with-
standing significant environmental changes. It will be important for the
geochemists who are trying to reconstruct the early history of our planet
to identify environments that may have remained relatively unchanged
physically and chemically for such a long duration. The stability condi-
tion, incidentally, is one more reason for believing that life arose “fairly
quickly.”

An exciting task awaiting future investigators will be to try to recreate
the most probable prebiotic conditions in the laboratory, just as Miller
did for the early atmosphere postulated by Urey, and to look for signs of
incipient metabolism. There is also the hope that the conditions still exist
in some pristine areas of our planet. Here, however, there is the risk of
running into the celebrated “warm little pond” evoked by Darwin in a
letter to a friend. Even if such a pond contained everything needed for
life to appear, Darwin warned, the presence of existing life would stifle
the process. “At the present day,” he wrote, “such matter would be in-
stantly devoured or absorbed.” A natural cradle of life must perforce be
sterile.
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There is one more lesson to be learned from what we have seen. It
concerns the role of chance, already examined at the end of Chapter 3.
The argument was made that chance could have had little to do with
the origin of life because chemical and, therefore, highly deterministic
processes were involved and, also, because there must have been many
steps. But what about after natural selection started playing a role, first,
at the molecular and, later, at the cellular level? It is often argued—and
I shall come back to this in subsequent chapters—that Darwinian selec-
tion is dominated by contingency because it operates on variations that
are offered to it by purely accidental events. A key notion introduced in
the preceding chapter is the likelihood that, at each critical step, chance
provided natural selection with an essentially exhaustive array of possi-
bilities to choose from, thus allowing for optimization in spite of con-
tingency. This consideration, while invalidating the argument in favor of
intelligent design, reinforces the conclusion that life was bound to arise
under the physical-chemical conditions that prevailed at the site of its
birth. It also supports the view that, if the same conditions should obtain
elsewhere, life would likewise arise there, in a form closely similar in all
its main features to life on Earth. These notions will be further developed
in subsequent chapters.



7. The History of Life

N 22 OcTOBER 1996, PoPE JoHN-PauL II, ADDRESSING THE

Pontifical Academy of Sciences, solemnly declared that “the

theory of evolution is more than a hypothesis.” Coming from
an institution that took more than three centuries to rehabilitate Galileo
and, a bare 50 years ago, opposed publication of the attempts by the
French Jesuit Pierre Teilhard de Chardin to reconcile evolution with re-
ligion, such a statement underlines better than any scientific argument
the compelling character of the proofs of biological evolution. This is
now a solidly established fact, which is contested only by unyielding
ideologues. What remain matters for discussion are the details of the tree
of life, as well as the mechanism of evolution.

Biorocicar EvoruTtion Is A Facr

The notion that life may have a history dates back only little more than
two centuries. Before that, living species were viewed as given once and
for all. Life had no more history than the universe. Only we, humans,
had a history. All the rest, Sun and stars, continents and oceans, plants
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and animals, formed the immutable infrastructure created to serve as
setting and support for the human adventure. That this idea might be
wrong was first suggested by the fossils.

FOSSILS HAVE REVEALED THAT LIFE HAS A HISTORY

It took a long time for the significance of fossils to be correctly recog-
nized. They were first seen as the remnants of living beings that no longer
existed in our countries but still subsisted in unexplored parts of Earth.
Interpretations even went so far as to accept that species may have dis-
appeared completely, victims of the Flood, for example. But the possi-
bility that new species could have arisen from more ancient species made
its way only very slowly. Thus, the celebrated French naturalist Georges
Cuvier, who flattered himself to be capable of reconstituting the entire
skeleton of an extinct animal from a single fossil bone, remained until
his death in 1832 a fierce opponent of evolutionary theories.

It needed the development of geology for the notion of evolution to
become progressively evident. It slowly came to be accepted, though not
without a great deal of hesitation and debate, that Earth has a history
whose archives are recorded in the geological strata. Observers were then
struck by the fact that the more ancient terrains contained only fossils of
primitive living beings, to which were added increasingly advanced forms
as the terrains became younger. This led to the so-called transformist
hypothesis, according to which more complex organisms arose from the
transformation of simpler organisms. This hypothesis, already prefigured
in the writings of the French philosopher of the Enlightenment Denis
Diderot, was proposed at the turn of the eighteenth century more or less
simultaneously in France by Jean-Baptiste de Monet, chevalier de La-
marck, and in England by Erasmus Darwin, the grandfather of the fa-
mous Charles. Contrary to popular belief, it is not Charles Darwin who
discovered biological evolution. His merit lies in his having proposed
natural selection as the mechanism for this phenomenon. I shall come
back to this point.

The theory of evolution was strongly disputed at first, notably by many
religious bodies, who took it as an attack on their beliefs. In attempts to
refute it, the argument was made that God could have created living
beings in successive stages, without there necessarily being a relationship
between them; or else that He simply created the world as it is, in one
single shot. This is what is still claimed today by strict creationists, who
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assert that God created the world a little over 5,000 years ago, with all
its present-day components, including living beings, fossils, geological
strata, and even partially disintegrated radioactive elements bearing false
witness to a very ancient history. The image of a God who would thus
find pleasure in misleading humankind—to test its faith?>—does, how-
ever, strain credibility. As Einstein once said, “the Lord is subtle, but not
malicious.” It has already been mentioned that the Catholic Church, long
opposed to the notion of evolution, has recently bowed before the evi-
dence of facts.

The existence of biological evolution began to be accepted in scientific
circles in the course of the second half of the nineteenth century under
the influence, notably, of the monumental work of Charles Darwin. One
of its staunchest defenders was the German biologist and philosopher
Ernst Haeckel, remembered for his so-called recapitulation law, according
to which “ontogeny recapitulates phylogeny,” by which he meant that
advanced living beings, in the course of embryological development (onzos
comes from a Greek word meaning what is), go through the main stages
of their evolutionary development (phylon means race in Greek). Thus,
a human embryo starts as a single cell, then gives rise to formations that
recall the first invertebrates, subsequently goes through a fish state, with
gill-like structures, to finally become mammal and human. There is a
kernel of truth in this notion, which, however, no scientist nowadays is
ready to grace with the status of “law.”

Haeckel was the first to construct what is known as a phylogenetic tree,
joining species according to kinship, as in our genealogical trees. To ac-
complish this, Haeckel had to add a solid dose of imagination to the
meager data he had available. Even today, the enterprise would be highly
hazardous if only fossils were available, be they illuminated by the reca-
pitulation notion.

Indeed, fossils, as historical documents, provide only fragmentary in-
formation. They are mostly bones, teeth, shells, and other mineral or
mineralized vestiges, or, alternatively, imprints of plants, feathers, foot-
steps, crawling, and other tracks. Nothing remains of the cellular struc-
tures, the enzymes, the genes (except for recent fossils, which have
yielded traces of DNA sufficient for amplification by modern techniques),
nor of the other molecular characteristics of the organisms that have left
these vestiges. Especially, nothing at all remains of the organisms of
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which no fossil remnant is known, which means the majority of living
beings that have followed each other on the planet. Indeed, barring a
few bacterial traces (see Chapter 3), very few fossils older than 600 mil-
lion years are known, whereas life is more than six times more ancient.
Enormous gaps would therefore be left in the history of life as it can be
reconstructed had not molecular biology offered a new, extraordinarily
productive approach.

THE HISTORY OF LIFE IS WRITTEN
IN PRESENT-DAY LIVING BEINGS
The principle of the new technology has already been illustrated in the
Introduction. It is based on the comparison of the sequences of
information-bearing molecules—DNAs, RNAs, or proteins—from dif-
ferent organisms in which the molecules, called homologous for this rea-
son, carry out the same function. First applied to proteins and later to
RNAs, this technique now rests almost exclusively on the sequencing of
DNA molecules', thanks to the development of an extraordinarily pow-
erful collection of tools for the isolation” and sequencing’ of this sub-
stance. Once the sequence of a DNA is known, those of its transcription
(RNA) and translation (protein) products are readily reconstituted RNA
simply by replacing T with U in the complementary strand, and protein
with the help of the genetic code.”

In order to examine more closely the possibilities and limitations of
comparative sequencing for phylogenetic tree building, let us look once
again at the five sequences shown in the Introduction:

Colibacillus:  ILDIGDASAQELAEILKNAKTILWNGP

Wheat: GLDIGPDSVKTFNDALDTTQTIIWNGP
Fruitfly: GLDVGPKTRELFAAPIARAKLIVWNGP
Horse: GLDCGTESSKKYAEAVARAKQIVWNGP
Human: GLDCGPESSKKYAEAVTRAKQIVWNGP

It will be remembered that these sequences represent, each letter
standing for an amino acid, the same 27-amino acid stretch in a protein
enzyme (phosphoglycerate kinase, or PGK) extracted from the different
organisms mentioned. My Brussels colleagues Fred Opperdoes and Pol
Michels, who have kindly provided me with the above sequences, have
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similarly investigated 14 other organisms, including mice, yeast, fungi,
and a number of protists and bacteria. But the five sequences shown
suffice to illustrate the main points.

First, there are the eight positions (in bold) occupied by the same
amino acid in all five sequences. Five of these positions are actually con-
stant in all nineteen organisms investigated, and two are different in only
one. As demonstrated in the Introduction with the help of the typing-
monkey allegory, these similarities can be explained only on the assump-
tion that the invariant positions are conserved, that is, were derived
unchanged from the same ancestral sequence, thus providing incontro-
vertible proof of the single evolutionary origin of all the organisms con-
cerned.” As to the differences, they were attributed to changes, or mu-
tations, occurring in the course of evolution, and they were used to
connect the human, horse, and fruitfly sequences in a simple tree based
on the hypothesis that the number of differences between two evolu-
tionary lines is a measure of the time that has elapsed since the lines
diverged from their most recent common ancestor. Thus, with the human
sequence showing two differences with respect to the horse sequence and
twelve with respect to the fruitfly sequence, the conclusion was drawn
that the human/fruitfly bifurcation antedates the human/horse bifurca-
tion by a time factor of six. Such, explained in a highly schematic fashion,
is the principle of phylogenetic tree building by comparative sequencing.

Note that the result would have been much less satisfactory if I had
tried to include the other two species in the tree, with colibacillus (13
differences) and wheat (14 differences) hardly more distant from humans
than fruitflies (12 differences), which doesn’t make sense. This is not
because the technology is at fault, but simply because the sampling is too
small. In actual fact, when the complete sequences, which contain more
than 400 amino acids, are compared for all 19 investigated species, as
was done by my colleagues, the resulting tree turns out to have a perfectly
acceptable shape.

Let us now consider mechanisms. What the sequence differences re-
veal are the consequences of point mutations, that is, genetic changes that
have led to the replacement of one amino acid by another.” These mu-
tations have obviously not caused the affected organisms to be eliminated
by natural selection. Many of them may not, either, have had much to
do with the survival of the organisms, since the molecules concerned
presumably were perfectly functional before the changes occurred. As far
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as can be known, the mutations are neutral, or near-neutral. They are
accidental changes that were retained, not by natural selection, but by
genetic drifz‘.7

In contrast with the observed replacements, the conserved positions
most likely remained unchanged throughout evolution because they could
not undergo any modification without the enzyme being impaired to an
extent that caused the owners of the mutated gene to be eliminated by
natural selection. Intermediate situations are possible. It could be, for
example, that a previously unmodifiable position becomes open to change
after the molecule has suffered some other modification that neutralizes
the deleterious effect of this change.

Phylogenetic tree building by comparative sequencing is not nearly as
simple as might be gathered from the proposed example. Mutations un-
dergone by genes in the course of evolution are not just point mutations.
They also include duplications, suppressions, inversions, and other re-
arrangements, often involving whole blocks of nucleotides. Successive
modifications may correct each other, suggesting a closer kinship than
there is in reality. It may even happen that DNA fragments containing
one or more genes migrate horizontally (see Chapter 3) from a given
organism to a very distant relative, thus inextricably muddling the trails.
There is increasing evidence (see Chapter 8) that such transfers occurred
on a large scale in the early stages of bacterial evolution. In addition,
there is every reason for believing that the mutation rate is not the same
for all parts of a genome, nor constant in time. Finally, it is obvious that
only mutations that have not been eliminated by natural selection are
available for this kind of exercise.

For all these reasons, the construction of phylogenetic trees by com-
parative sequencing is subject to numerous difficulties and uncertainties,
which experts try to minimize by increasingly sophisticated algorithms
and computer programs. These defects are, fortunately, compensated for
by the fact that organisms possess thousands of different genes, of which
each can, theoretically, be the object of an independent analysis. Multiple
cross-checks are thus possible, allowing increasingly trustworthy recon-
structions of the tree of life.

A major advantage of the new technology is that it can be applied to
any extant organism. Phylogenetic trees now embrace the whole history
of life, not only those few episodes that have left some fossil trace, not
always easy to interpret at that. The main weakness of the technology is
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that it is indirect and rests on a number of assumptions. On the whole,
whenever comparisons were possible, molecular phylogenies have been
found to agree fairly well with those established with the help of fossils.
This agreement is reassuring with respect to the validity of both methods
and, in addition, has allowed molecular data to be put on an absolute
time scale provided by paleontological data. Some discrepancies have
been observed and traced to defects of either one or the other method.
Especially, a rich crop of new data has been gathered and continues to
be gathered almost daily. As of now, we already have available on the
history of life an impressive amount of new information, of which some
turned out to be totally unexpected.

Independently of those details, of interest only to experts, the deci-
phering of molecular sequences has unassailably established the fact of
biological evolution, the human species included. It is astonishing, in the
face of such glaring evidence, that large groups still exist that deny this
fact on the strength of texts written more than 2,000 years ago. Even
more astonishing, among those groups are many highly educated persons,
including writers, journalists, lawyers, politicians, business people, engi-
neers, teachers, philosophers, theologians, and even a few scientifically

qualified individuals.

Tuae Drivine Forck or Biovrocicar EvorLuTion

The notion of evolution is intimately linked to that of heredity. To be
sure, the first evolutionists had only the vaguest ideas on this subject.
They not only had no knowledge of DNA, but even the concept of a
gene was foreign to them. It was only in 1866 that the founder of ge-
netics, the Austrian monk Gregor Mendel, published the results of his
patient observations on the crossbreeding of peas. And it took more than
another 30 years before the scientific world rediscovered the now famous
“Mendel’s laws” in the obscure journal in which his works appeared.
Long before that, however, biologists and, even, the common run of
people obviously knew that children resemble their parents and, in a more
general manner, that species perpetuate themselves. Humans give birth
to humans, mice to mice, snails to snails, oak trees to oak trees, and
so on. For evolution to take place, some element of variation had to be
inserted into this continuity, so that eventually a primitive frog might
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emerge from a fish, or a human being from a monkey. Two notions have
vied to explain the variation of hereditary characters.

LAMARCK AND THE HEREDITY OF ACQUIRED CHARACTERS

In Lamarck’s view, the source of variation was usage. He proposed, as a
mechanism of evolution, the heredity of acquired characters. Thus, he
believed that giraffes owed their long neck to the stretching efforts of
generations of giraffes trying to reach the higher branches of trees, each
millimeter gained in this fashion becoming hereditary. For Charles Dar-
win, the long neck of giraffes is the result of accidental hereditary changes
that turned out to have consequences useful for the survival and multi-
plication of the modified individuals.

We know today that Darwin was right. But his vindication did not
come easily. In the beginning of this century, an Austrian biologist, Paul
Kammerer, an ardent adept of Lamarckism, made headlines with exper-
iments on a species of toads that copulate on land and whose males do
not possess on their legs the “nuptial pads” that allow those that copulate
in water to grip the slippery body of the female. Kammerer claimed that
those pads appeared in terrestrially copulating male toads artificially
forced, generation after generation, to copulate in water. Accused of
having falsified his experimental results, Kammerer committed suicide.
As late as 1971, Darwin notwithstanding, the British writer of Hungar-
ian origin Arthur Koestler devoted an entire book (7%e Case of the Mid-
wife Toad) to the defense of Kammerer’s memory and of the authenticity
of his observations.

On a much more dramatic level from a historical point of view, the
apparent agreement between Lamarckism and Marxism allowed the So-
viet agronomist Trofim Lysenko to impose himself for more than 30 years
upon the Stalinist leaders, with consequences that, besides the persecu-
tions of which numerous Soviet biologists were victims, were disastrous
both for the development of genetics and for the success of agriculture
in his country.

Lamarckism is abandoned today. Its death knell was sounded by the
advances of molecular biology, in particular by the unidirectionality rule
known under the name of “central dogma.” We have seen (Chapter 2)
that a modified protein cannot transfer this information to the gene cod-
ing for its sequence. There can therefore be no heredity of acquired
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characters. This affirmation needs, however, to be slightly qualified, in
the sense that it applies exclusively to the classical type of heredity, that
depending on DNA (or possibly RNA). It does not concern the cases,
admittedly rare but nevertheless real, of the direct transmission of
shape—of a prion, for example, or of a membrane—of authentically La-
marckian nature (see Chapter 2).

DARWIN AND NATURAL SELECTION

It was upon his return from his long, historic voyage on board the Beagle
(1831-1836), with its much-publicized stop in the Galapagos Islands,
that Charles Darwin started to elaborate the theory that was to make his
fame. It took him more than 20 years to mature his ideas, always de-
ferring their publication to a later date. He finally resolved to publish
them in 1859, in his celebrated book, On the Origin of Species by Means
of Natural Selection, after receiving a letter in which, in 1858, his friend
Alfred Russel Wallace sketched out a similar theory. While keeping an
honorable place for Wallace, history has retained—justifiably—the name
of Darwin as author of the theory of natural selection.

Three elements, in addition to his many personal observations, in-
spired Darwin. First, there was the notion of evolution, already defended
by his grandfather, Erasmus Darwin, who, however, believed in the
heredity of acquired characters, like the French author of the transform-
ism theory, Lamarck.

Then there was the concept of struggle for life, which Darwin drew
from his reading of the famous Essay on the Principle of Population as it
Affects the Future Improvement of Society by Thomas Robert Malthus,
published for the first time in 1798 but still much appreciated in Darwin’s
time. In this book, the British economist, who has given his name to
Malthusianism, put forward the theory that the geometric growth of
populations must necessarily bring about an increasingly fierce competi-
tion for arithmetically growing resources. Hence the subtitle Darwin
gives to his book: “The Preservation of Favored Races in the Struggle for
Life”

Finally, Darwin was struck by the numerous instances of artificial se-
lection, which show that it is possible, by appropriate breeding, to exploit
the natural variability of populations in order to favor one or the other
hereditary trait. In this way, one can, he notes, obtain plants that are
cultivated for their leaves, like cabbage, or for their flowers, like cauli-
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flower, horses adapted to running or to pulling, dogs that track down
game or retrieve it, sheep whose wool lends itself better to weaving rugs
or cloth, and so on. The whole history of agriculture and animal breeding
rests on this kind of exploitation.

It sufficed to combine those three notions to imagine that species owe
their origin to the natural selection of the fittest among the diverse va-
rieties engaged in the struggle for life. “How could I have been so stupid
as not to have thought of it!” exclaimed the naturalist and likewise great
voyager Thomas Henry Huxley, when he first read the Origin of Species.
It was the same Huxley who, in 1860, in the course of a memorable
confrontation with the bishop of Oxford, Samuel Wilberforce, who had
asked Huxley whether he claimed to descend from monkeys by his grand-
father or his grandmother, answered: “I would rather have a miserable
ape for a grandfather than a man highly endowed by nature and possessed
of great means and influence, and yet who employs these faculties and
influence for the mere purpose of introducing ridicule into a grave sci-
entific discussion.” In 1932, at the dawn of Nazism, his grandson Aldous
Huxley was to denounce, in his Brave New World, the perverse effects
of artificial selection practiced on humans.

All that has been learned since the publication of the Origin has con-
firmed and reinforced the correctness of Darwin’s theory. The advances
of genetics and molecular biology have given a solid body to the vague
notions of heredity and variability he and his contemporaries had to be
content with. Today, we speak in terms of DNA replication and muta-
tions, and we understand the mechanisms involved. The result is what
is sometimes referred to as the synthetic, or neo-Darwinian, theory of
evolution.

MUTATIONS PROPOSED, NATURAL SELECTION DISPOSES

The most important conclusion to emerge from our newly gained un-
derstanding is that hereditary variability, which is the foundation of all
selection, whether natural or artificial, is entirely independent, as Darwin
already suspected, of any sort of influence that might cause a defined
hereditary change aimed at a desirable effect. All that we know of the
molecular nature of the hereditary modifications, or mutations, respon-
sible for this variability supports the view that the phenomena involved
are accidental products of chance devoid of any intentionality. Which ob-
viously does not mean that they are devoid of causality.
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Many causes of mutations are known. First, there are all the mistakes
and imperfections that can affect DNA replication and other natural
forms of DNA processing, for example, the exchange of pieces of chro-
mosomes, or crossing-over, that takes place in the course of germ cell
maturation in plants and animals. Then there are all the physical and
chemical agents that damage DNA. The former include ultraviolet light
and all other forms of radiation of higher energy, such as X-rays, radi-
oactive emanations, and cosmic rays. Among the latter are free radicals,
such as arise from oxygen, and, especially, the numerous so-called u-
tagenic substances, of which most have been created by our industrial and
commercial chemistry. Biological mutagenic agents also exist—for ex-
ample, certain viruses that disorganize the DNA of the cells they invade.

These phenomena are now being studied intensively, under the pres-
sure, notably, of environmental defense groups. Not only does the future
cause worry, to the extent that mutations imperil the survival of species.
There is immediate concern also for human health, because mutagenic
agents are carcinogenic. From Hiroshima to Chernobyl, tests have been
aimed at bringing to light an abnormal frequency of leukemias, thyroid
cancers, and other pathologies, in the populations exposed to radiation.
Even the surroundings of nuclear power plants, where no apparatus can
detect any excessive level of radiation, are not spared by the “green po-
lice.” Similarly screened are hosts of substances used as fertilizers, pes-
ticides, food additives, etc. A whole risk evaluation industry has been
spawned by such undertakings.

Mutagenic agents are sometimes deliberately exploited in attempts to
create useful variants for some application or research. The first makers
of penicillin used this strategy. When, in the course of the Second World
War, the antibiotic was first extracted industrially from cultures of Pen-
icillium notatum, yields with natural strains of the mold did not exceed
five units per cubic centimeter of the culture medium. The cost was
exorbitant. In order to improve matters, mold samples were exposed to
strong doses of X-rays—a strategy reminiscent of “carpet bombing”—
and the surviving mutants were screened for their penicillin-producing
ability. It proved possible, by this simple means, to increase the penicillin
yield of the cultures more than 20-fold and thus to decrease the cost of
the miracle drug by the same factor.

Today, this procedure has become a choice tool for the analysis of
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many natural phenomena. Instead of a frontal attack on the phenome-
non, which is often too complex to lend itself to a simple experimental
approach, the cells or organisms under study are “bombarded” with ra-
diations or mutagenic substances. A search among the victims then fishes
out individuals showing an anomaly of the phenomenon one is interested
in. With the help of molecular biology techniques, the affected gene is
then identified, isolated, amplified, sequenced, translated, either in reality
or on paper (with the help of the genetic code), and finally, if all goes
well, characterized functionally. Numerous advances have been made in
this manner, notably in our understanding of embryological development
and of immune defense against cancer.

Whether natural or artificial, mutations all have in common that they
are unrelated to any sort of intentionality. No natural mechanism is known
whereby a mutation, however useful, can be elicited otherwise than by
accident. Even an acquired advantage, such as a protein modified by
usage, cannot, as we have seen, be perpetuated in DNA by a correspond-
ing mutation. The “carpet bombing” technique is based on recognition
of this fact. Unable to aim, we attack at random with a large number of
projectiles, in the hope of hitting the target. Actually, this is no longer
entirely true. It is now possible, by appropriate manipulations, to substi-
tute one base for another in a defined site of a DNA sequence (size-
directed mutagenesis). But site-directed mutagenesis is a human invention.
In nature, all mutations, including those that have shaped the course of
evolution, are accidental events. This is a keystone of modern neo-
Darwinian theory.

It is from this natural variability, constantly maintained by the acci-
dents of mutations, that, for the last 10,000 years, selectors have derived,
first blindly, then by increasingly sophisticated empirical methods, all the
plants we grow in our fields, meadows, parks, and gardens, all the animals
we breed to feed us, carry us, work for us, and keep us company. It is
from the same variability that, for almost four billion years, natural se-
lection has derived the species that have succeeded each other on Earth
and inhabit it today.

There lies Darwin’s brilliant intuition. From the moment there is com-
petition for existing resources, species genetically disposed to produce the
most vigorous and abundant progeny must perforce outnumber those that
reproduce less readily. This is so evident that some accuse Darwinian
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theory of being no more than a tautology. If it is, this does not prevent
it from having extraordinary explanatory power, inasmuch as it can ac-
count for the whole of biological evolution.

This explanation implies a corollary of major importance. Each bifur-
cation in the tree of life is the result of the fortuitous encounter of a
given mutation with environmental conditions that provide it with an
opportunity to prove useful. Hence the often-publicized view that chance,
and chance alone, has shaped the tree of life. I shall examine the validity
of this theory in a later chapter (Chapter 12), after first having briefly
reviewed the main events in the history of life.



8. The Invisible World of Bacteria

OR NEARLY THREE BILLION YEARS, LIFE WOULD HAVE BEEN VISIBLE

only through its effects on the environment and, sometimes,

through the presence of colonies, such as stromatolites (see Chap-
ter 3), associating trillions of microscopic individuals in formations that
could have passed for rocks were it not for their sticky surface and chang-
ing colors. The whole panoply of plants, fungi, and animals that now
covers the terrestrial globe with its splendor did not exist. There were
only unicellullar organisms, starting almost certainly with bacteria.

TuEe BacTteriaL WAY oF LiFe

To most of us, the word “bacteria” conjures up specters of plague, cholera,
diphtheria, tuberculosis, and all the other scourges from which we were
delivered by the genius of Pasteur and his contemporaries. But patho-
genic bacteria are only a small minority. Most bacteria are harmless.
Many are useful, even indispensable, for the economy of the living world.
There are bacteria everywhere, adapted to an enormous variety of differ-
ent environments. Among their many beneficial actions, bacteria are, to-
gether with a few mushrooms and molds, largely responsible for the
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decomposition of dead plants and animals, which ensures the recycling
of carbon, nitrogen, and other biogenic elements.

The great diversity of bacteria is constructed according to a common
plan, which seems to be the simplest compatible with independent life.
All consist of single cells. These may form colonies, sometimes complex,
but no veritable pluricellular organisms. Bacterial cells are generally of
small size, on the order of one-thousandth of a millimeter. They are
surrounded by a membrane, most often protected by an external rigid
wall. The mineralized remnants of that shell make up the microfossils
mentioned in Chapter 3. Frequently, no special structure can be discerned
inside bacterial cells. In particular, their genome is not contained within
an enclosure, as it is in the nucleus of plant and animal cells. Hence the

name of prokaryotes by which they are known (see Chapter 1).

PHYLOGENY OF BACTERIA

For a long time, prokaryotes were believed to form a single group from
which the much more advanced eukaryotes were assumed to have arisen
at a relatively late stage of evolution. Then, in the late 1970s, the Amer-
ican microbiologist Carl Woese' came up with startling findings that
shattered this view.

THE THREE DOMAINS
Using comparative sequencing of ribosomal RNAs (see Chapter 7),
Woese found that the prokaryotes are divided by a deep gap going back
to the earliest origins of unicellular life. In one group, which he called
eubacteria, were all the familiar pathogenic and nonpathogenic microor-
ganisms traditionally studied by bacteriologists.” The other group, to
which Woese gave the name archacbacteria, because he believed them to
be particularly ancient, comprised the vast family of methane-producing
organisms, or methanogens, which are found in a wide variety of oxygen-
poor milieus, as well as a number of highly specialized kinds, now
grouped under the name “extremophiles,” adapted to very hot (thermo-
philes), very acid (acidophiles), or very salty (halophiles) environments.
Many other forms adapted to milder habitats have since been added to
the archaebacterial family.

Another surprising conclusion arising from Woese’s analyses was that
the separation between prokaryotes and eukaryotes seemingly took place
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much earlier than generally assumed, almost at the same time as the
divergence of the two prokaryotic families. It thus appeared that the three
groups originated more or less simultaneously from the common ancestor,
forming what Woese considered true distinct kingdoms, for which he
has since proposed the term “domain.” To stress this distinction, he has
renamed eubacteria Bacteria, archaebacteria Archaea, and eukaryotes Eu-
carya. This terminology has gained acceptance, in spite of the possible
confusion between Bacteria and bacteria, a term still widely used in non-
technical publications—including this book—as a synonym of the word
“prokaryotes,” virtually unknown by the general public.

THE ROOTING PROBLEM

A major problem created by these remarkable findings has been the root-
ing of the tree. An evolutionary “trifurcation,” leading simultaneously to
A (Archaea), B (Bacteria), and E (Eucarya), can hardly be contemplated
and must hide two successive bifurcations. There was thus the possibility
of the first bifurcation leading from the common ancestor to A and B,
with E branching later from one or the other of those two lines. Or there
was the alternative eventuality, seemingly more unlikely but nevertheless
entertained by a number of investigators, of E arising from the first fork
together with either A or B, and of the second prokaryotic line emerging
later from one of the two arms of the first fork. At first sight, one would
have expected this problem to be rapidly solved as more genes were se-
quenced in the three domains. On the contrary, the more data, the murk-
ier the situation.

One reason for this is that very ancient events, such as those one
attempts to reconstruct, lend themselves poorly to molecular phylogenies
because the original trails are largely erased by the many genetic changes
that have piled up in the course of time. Another, particularly important,
cause of confusion is Aorizontal, or lateral, gene transfer. In opposition
to the usual, vertical kind of gene transfer, which occurs from generation
to generation in the course of reproduction, this phenomenon, already
mentioned earlier (see Chapter 3), consists in the transfer of DNA from
one bacterial cell to another. Several mechanisms whereby this can hap-
pen are known. The fragments of DNA transferred in this way may be
of considerable size, and the donor and acceptor cells may be totally
unrelated. To give just one example of this phenomenon, it has been
found that some thermophilic eubacteria, which happen to be among the
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most ancient representatives of this group, have gained up to 16 to 24
percent of their genes from thermophilic archaebacteria.” This fact sug-
gests that some early eubacteria may have acquired the ability to with-
stand a hot environment by the horizontal transfer of the relevant genes
from heat-resistant archaebacteria.

Such cases, of which many instances are known, obviously complicate
enormously the construction of phylogenetic trees from comparative se-
quencing data. Many investigators have practically given up the image of
a typical tree emerging from a single root, replacing it with that of a
network of interconnected ramifications springing from the common an-
cestor in a manner that may be impossible to reconstruct. We shall see
later (Chapter 10) that the problem is particularly intractable as regards
the origin of eukaryotes.

The invasion of primitive Earth by the invisible world of bacteria has
had consequences of crucial importance, of which two, in particular, de-
serve mentioning. First, bacteria have, by their chemical activities, deeply
modified the conditions prevailing on our planet, to the extent of ren-
dering it totally unrecognizable to a hypothetical observer who had
known it before the appearance of life. The most revolutionary among
these effects has been the production of molecular oxygen, which almost
certainly was absent from the early atmosphere and reached its present
level of 21 percent of the terrestrial atmosphere relatively late, essentially
as a result of biological activity. The second historic innovation of the
bacterial era, already alluded to above, has been the remarkable evolu-
tionary phenomenon that has given birth to the first eukaryotic cells,
ancestral to the whole visible living world. The next two chapters will be
devoted to this epoch-making event.

PuaortosynTHETIC BACTERIA PRESENTED LIFE WITH A
PoisoNep GirT, Now ViviryiNGg: OXYGEN

We saw in Chapter 1 how aerobic (living in air) organisms derive energy
from the oxidation of foodstuffs. In such reactions, atmospheric oxygen
(O,) is used to convert the carbon and hydrogen atoms of organic sub-
stances into carbon dioxide (CQO,) and water (H,0), respectively.4 The
most important such reactions are coupled to the energy-requiring as-

sembly of ATP from ADP and phosphate. The reverse of this assembly,
the energy-yielding splitting of ATP to ADP and phosphate, powers all
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the main forms of biological work, thereby harnessing, by way of ATP,
the performance of work to the energy released by oxidations. Without
oxygen to support the oxidative phosphorylation of ADP to ATP, we
quickly suffocate, as do all other aerobic organisms under the same con-
ditions, unable to carry out vital functions, such as breathing, heartbeat,
and conscious thought, that require energy derived from the splitting of

ATP.

AN OXYGEN-FREE PRIMEVAL WORLD

Surprisingly, the crucially important exploitation of oxygen for the pro-
duction of energy is a late development in the history of life. All the
available geochemical evidence indicates that the terrestrial atmosphere
was initially almost totally devoid of oxygen and remained so until about
2.3 billion years ago. The level of atmospheric oxygen started rising from
that time on, reaching a value compatible with aerobic life a few hundred
million years later. Until this happened, all living organisms were anaer-
obic (living without air) and derived their energy from chemical reactions,
coupled to the assembly of ATP, that did not use oxygen.’

THE BIOLOGICAL PRODUCTION OF OXYGEN

The phenomenon responsible for the appearance of oxygen in the atmo-
sphere is biological photosynthesis, more precisely the advanced form of
this process, such as is carried out by green plants in today’s world. As
was mentioned in the first chapter, this process reverses, with the help
of light