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SINGULARITIES: LANDMARKS ON THE PATHWAYS OF LIFE

This brief but deep book presents a sophisticated consideration of the key steps or

bottlenecks that constrain the path to the origin and evolution of life. Christian

de Duve, a pioneer of modern cell biology and Nobel laureate, gives in this

book a contemporary response to Erwin Schrödinger’s tremendously influential

What Is Life?, which 60 years ago influenced many of the pioneers of molec-

ular biology. Christian de Duve offers shrewd insights on the conditions that

may have first called forth life and surveys the entire history of life, using as

landmarks the many remarkable singularities along the way, such as the single

ancestry of all living beings, the universal genetic code, and the monophyletic

origin of eukaryotes. The book offers a brief guided tour of biochemistry and phy-

logeny, from the basic molecular building blocks to the origin of humans. Each

successive singularity is introduced in a sequence paralleling the hypothetical

development of features and conditions on the primitive earth, explaining how

and why each transition to greater complexity occurred.

Christian de Duve is Andrew W. Mellon Professor emeritus at The Rockefeller

University, Professor emeritus at the Catholic University of Louvain and

Founder-Administrator of the Christian de Duve Institute of Cellular Pathology.

In 1974 he was jointly awarded the Nobel Prize in Physiology or Medicine, with

Albert Claude and George Palade, and still conducts groundbreaking research

into the origins of life.
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Foreword

This book was not meant to happen. When I finished Life Evolving (de

Duve, 2002), I resolved not to write another book. In that work, and in

the three that preceded it (de Duve, 1984, 1991, 1995), I had written

all I had to say on the subject of life, including its nature, origin, and

evolutionary history, up to and beyond the advent of humankind, and

even its cosmic significance. In fact, I made the embarrassing discovery,

when called upon to reread some passages of these books, that I tended

to repeat myself, sometimes using almost the same words – an ominous

sign indeed.

I changed my mind and began writing this book when I discovered

that, in trying to reach a wide readership, I had buried a number of scien-

tific points that I felt to be significant and original within more general

expositions designed for lay readers. The message I wished to convey had

been blurred, even misinterpreted as reflecting the pursuit of an ideolog-

ical agenda (Szathmary, 2002; Lazcano, 2003).

This realization has prompted me to clarify my thoughts, remove ex-

traneous material, and formulate the result concisely for a scientifically

literate readership. My aim is to reach not just my fellow biologists but

all those scientists, from physicists, cosmologists, and geologists to natu-

ralists and anthropologists, who share an interest in the place occupied

by life, including our own, in the cosmos. For this purpose, I have, with

vii
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viii FOREWORD

apologies to the experts, summarized once again the key features of life,

much in the line of my earlier Blueprint for a Cell (de Duve, 1991), but this

time with a focus on singularities, by which I mean events or properties

that have the quality of singleness, uniqueness.

The history of life is marked by a large number of such singularities.

All known living organisms, be they microbes, plants, fungi, or animals,

including humans, are descendants from a single form of life. All are

constructed with the same building blocks and combine these into their

characteristic constituents by the same biosynthetic processes. All carry

out the same metabolic reactions and rely on the same mechanisms to

derive energy from their environment and convert it into useful work.

There are differences, of course, depending on the nature of the substances

utilized, on the source of energy, and on the kind of work performed.

But the basic processes are the same. All known living organisms use the

same genetic language; they obey the same base-pairing rules and, with

rare deviations of recent occurrence, conform to the same genetic code.

Behind the enormous diversity of the biosphere, there clearly lies a single,

fundamental blueprint.

Considering later stages of evolution, we find that all eukaryotes are

derived from a single ancestral cell. Similarly, land plants, fungi, and

animals are each monophyletic, that is, offshoots of a single founding

organism; so are the members of each class or family, as abundantly illus-

trated by cladistics and confirmed by molecular phylogenies.

Often taken more or less for granted, these singularities require an

explanation. Looking for such an explanation may reveal some valuable

facts concerning the nature of life, its origin, and its evolution. It may

also help guide our explorations in search of signs of life elsewhere in our

galaxy and beyond.

Such is the purpose of this essay. References to the literature are sparse

and largely restricted to recent publications. By necessity, the book is

rooted in biochemistry, molecular biology, and cell biology, but in a man-

ner designed to make these disciplines accessible to any reader with some

familiarity with the language of modern science and, perhaps, to encour-

age some to take a more active interest in the disciplines and to acquire
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the basic notions without which a true appreciation of the significance

of life in the universe is not possible.

The book covers a wide area, exceeding by far the domain of my

own competence. Several friends and colleagues have helped me make

up to some extent for these deficiencies. In particular, Nicolas Glansdorff,

Patricia Johnson, Antonio Lazcano, Harold Morowitz, Miklos Müller, Guy

Ourisson, Andrew Rogers, and Günter Wächtershäuser have read all or

part of the original manuscript and contributed valuable information,

comments, criticisms, and suggestions. I am deeply grateful to them but

must claim sole responsibility for the final text, including its mistakes

and idiosyncrasies, especially in that I have not always followed the ad-

vice with which I was favored. I am also indebted to Jeffrey Bada, Johannes

Hackstein, Arthur Kornberg, and William Martin for providing me with

some of their recent publications. I owe a special debt of gratitude for the

invaluable assistance of my friend Neil Patterson, who has, once again,

waded through my prose and helped me trim it of unnecessary words and

clarify its contents. I also acknowledge with thanks the efficient and con-

structive collaboration of Peter Gordon, Alan Gold, and their colleagues

at Cambridge University Press and of Doug English at TechBooks. Also,

I acknowledge with emotion the memory of my devoted and talented

Karrie, who helped me in all my writings for more than thirty years.
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On Christian de Duve: An Editor’s
Appreciation

Art and science are all of a piece in the life and work of Christian de Duve.

I have had the privilege of serving as his editor on five books in 25 years.

I have dined with him at many tables, worked with him at many desks,

and witnessed the passion and grace of his labor to understand how life

works and how it came to be. In all this time and through all these tasks

I have watched the force of his intellect convert to words on paper his

deep knowledge and intuitive sense of the most basic biological processes,

giving the reader sweeping views of life evolving from molecules to the

millions of species with which we share this planet.

It all looks easy when the book is bound – his narrative unfolds in a

compelling way, the argument grows in strength, a convincing theme

emerges, and its variations weave across the pages with thrilling strength

and subtlety – but I’ve been close enough to see how he does it, and it’s

hard work, strenuous and painstaking, the kind of slow and heavy effort

that we sensibly call a labor of love. One would not do this work just for

money; it’s way too tough; or even for fame, often a more seductive lure.

So it is love, I think, that drives de Duve to write these books, just as it was

love (the love of truth, however corny that may sound) that kept him at

the laboratory bench for more than five decades of exacting science. That’s

part of what I mean about “art and science”; both, when done at the high-

est level, produce a piercing effect on the human mind, an illumination.

x
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ON CHRISTIAN DE DUVE: AN EDITOR’S APPRECIATION xi

I began my editorial work with de Duve in 1980. (By the way, my

so-called editorial work must be seen as thin soup when placed against the

power of his contributions; this is not a collaboration between equals,

far from it.) He had decided to write a book based on his notes for the

1976 “Christmas Lectures on Science” at Rockefeller University, a book

to be called Guided Tour of the Living Cell. At that time, my colleagues and

I at W. H. Freeman – under the bright and enthusiastic guidance of our

boss and mentor, Gerard Piel, President of the parent company, Scientific

American – had just begun a new imprint, Scientific American Books, and

a new series, the Scientific American Library. We launched the series with

Powers of Ten (about the relative size of things in the universe) by Philip

and Phyllis Morrison and Charles and Ray Eames. This book gives a won-

derfully vivid look at the effect of adding a zero. In an exponential series

of images and words, the Morrisons and the Eameses take you, one order

of magnitude at a time, each on its own two-page spread, from a picnic in

Chicago at 101 meters up to 1025 meters (one billion light years), where

space “looks” empty, and down to 10−16 meters, the realm of quarks.

Powers of Ten was a big hit, and it set the intellectual mood and estab-

lished standards of content and design that we would have to sustain in

order to meet the goals set by Piel and his Board of Directors. Enter de

Duve. As I say, he was already busy making his lecture notes into a book,

not just a scholarly monograph of the sort that scientists of his stature

produce routinely for their peers, but a more ambitious enterprise, a sur-

vey of the entirety of cell biology that was meant to catch the interest,

and inform and entertain, ordinary folks in the open world, the trade, as

they say in the publishing business. This was the sort of book we at Scien-

tific American needed in order to match the marketing impact gained by

Powers of Ten. But was this making sense? Who is de Duve? He’s in a white

coat at Rockefeller University, a Nobel Laureate, a high-powered scien-

tist whose native tongue is French, whose writings up to this point have

been academic treatises on the biochemistry and bioenergetics of cellular

transactions that only his sophisticated cohorts would trouble to read.

My colleagues and I met de Duve in his offices at Rockefeller Univer-

sity. We told him about our new series, walked away with a chunk of his

manuscript, read it, saw that he had what it takes, signed him up, and

then the action took off. This was a tiger, and he had us by the tail.
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xii ON CHRISTIAN DE DUVE: AN EDITOR’S APPRECIATION

First-rate authors in the fields of science are particularly demanding,

and for good reason. Science is not for the faint-hearted; scientists de-

mand a lot from themselves and each other – acuity, rigor, integrity, and

horrendously hard work – so they expect a publisher to do its tasks in

like manner. Such authors, of course, are almost always disappointed, so

it is no surprise that de Duve was promptly exasperated. We had assigned

one of our most experienced editors, Patty Mittelstadt, to shepherd de

Duve’s project through the developmental process. Suffice it to say that,

despite her muscular will and years of experience in the editorial trenches,

de Duve managed to have her in tears on several occasions. A disputed

semicolon could cause a storm.

Although our colleague did a strong, professional job under taxing cir-

cumstances, de Duve served, essentially, as his own developmental editor;

and he worked with the artist, Neil Hardy, in so diligent and scrupulous a

fashion that Hardy could render de Duve’s “rough” sketches – remarkably

clear delineations of molecular and cellular forms and interactions, all

to scale, with exact bond lengths and angles, every image color-coded –

without having to worry about accuracy. This “rough” art was correct.

It happens now and then that an author becomes a kind of gift to the

publishing house, a performer of such astonishing ability that the pub-

lishing team – managers, editors, marketers – end up playing, are only

allowed to play, a perfunctory role in the process. In a half-century of pub-

lishing, I’ve received just three such “gifts,” at three separate houses: at

W. A. Benjamin, Inc. (now Benjamin-Cummings) it was James D. Watson’s

Molecular Biology of the Gene; at Worth Publishers it was Albert Lehninger’s

Biochemistry; and at Scientific American Books it was de Duve’s Guided Tour

of the Living Cell. In each of these cases, the author gave so much skill and

attention to details of content, level of discussion, writing style, illustra-

tions, and all the other elements that shape such a book and determine its

success that the publishing team had only to handle mundane procedures

of copyediting, design, page layout, printing, binding, warehousing, mar-

keting, shipping, billing, and collecting. These three books jumped off the

shelves. They were bought, not sold. (In my experience, only the rigor-

ous and brilliant Michael Munowitz has achieved this level of authorial

perfection, and his gifts went to houses where I was not employed.)

“Tour” sold 70,000 copies in a couple of years, a best seller in the

trade market for science books at this level, and it demonstrated de Duve’s
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ON CHRISTIAN DE DUVE: AN EDITOR’S APPRECIATION xiii

membership in that small and increasingly precious pantheon of contem-

porary scientists who have the rare ability to write for the general public.

This is a serious talent, a critical contribution to cultures around the globe.

We live in polities captured by belief. Belief is a golden virtue; merely by

asserting beliefs one can win huge support in the American political sys-

tem. But believing is easy, and knowing is hard, and it’s knowing that mat-

ters most. Those scientists (Peter Atkins, Andrew Berry, Richard Dawkins,

Christian de Duve, Jared Diamond, Michael Munowitz, Steven Pinker,

Matt Ridley, Oliver Sacks, James D. Watson, Steven Weinberg, Edward O.

Wilson, et al.) who can write with clarity and balance and evocative power

about that which is so, about the nature of physical and biological reality,

from matter and energy at the Planck length to the edge of the visible

universe and beyond, who can show what we know and don’t know and

how knowing itself is achieved and how it must often be seen as tentative

and open to question, those scientist-artists, for that’s what they are, be-

come an essential human resource, national treasures whose works help

wean us from the comfortable obscurantism of convictions born of belief.

I didn’t do much work on this first book by de Duve (my main con-

tribution being the engagement of Malcolm Grear, the great American

graphic designer, who invented the visual character of this two-volume

work, a stunning physical object in its own right), but over the next many

years Christian and I together devised what, for me, became a delightful

set of editorial rituals. Three great de Duvian works emerged during this

period: Blueprint for a Cell (Neil Patterson Publishers, 1988, an ephemeral

imprint later purchased by Viacom and metabolized within the body of

its huge and flourishing subsidiary, Prentice-Hall), Vital Dust: Life as a Cos-

mic Imperative (Basic Books, 1995), and Life Evolving: Molecules, Mind, and

Meaning (Oxford University Press, 2003). There were lunches and dinners

and wine and good cheer, during which outlines were discussed, schedules

set, and contract terms constructed. There were our side-by-side exami-

nations of my modest editorial adjustments, mostly removing Gallicisms,

for he writes in French and English with equal facility, and sometimes an

idiom from one would invade the other. And then there were the Nethen

Episodes, week-long sessions of intensive, sharply focused concentration

on a “final” manuscript, a wrap-up to ready the work for printing.

Nethen, just beyond the edge of Brussels, is de Duve’s hometown, and

it is here, in bucolic serenity, that the value of ritual is fully in evidence.
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xiv ON CHRISTIAN DE DUVE: AN EDITOR’S APPRECIATION

During these sessions, the daily regimen begins at 6 AM with about twenty

minutes of swift swimming in the backyard pool. This is not fun; it’s

humorless aerobic effort, length upon length. Next comes breakfast served

by Janine de Duve, his stylish, beautiful, and loving wife of 60 years, an

accomplished artist and a woman of high intelligence and the native

honesty to express her views with sharp, good-humored precision. Then

it’s upstairs to our respective stations; de Duve to his study, I to my room.

We work separately until noon. Then lunch (and sometimes a walk in the

woods), then work, again separately, until the late afternoon, when we

meet to consider together what he’s done and I’ve done. At last, cocktails

at 6, dinner (always entirely satisfying, often amazing), then, oddly, an

interlude of television – the news and, usually, a favorite quiz program

broadcast from Paris – and so to bed.

This kind of clockwork action is highly productive and may well be

a common procedure among research scientists. For de Duve, even now,

in his 86th year, it seems essential; he has a driving need to be produc-

tive, to keep at it. But all is not severity and discipline. Every interlude

between periods of hard work is a time of great pleasure for him. When

he’s in New York City (throughout most of his long career he has spent

half of each year at Rockefeller University, NYC, and the other half at

the de Duve Institute of Cellular Pathology, Brussels, Belgium), he walks

briskly, weather be damned, from his apartment on Central Park West,

across the park, and over to the shore of the East River, York Avenue and

66th street, and bounds up four flights of stairs to his office. This walk

is savored: a time to think, a time to enjoy the physical patterns of life

itself. Lunches and dinners are likewise times to satisfy his appetites for

food and wine, laughter and conversation, and the enduring delight he

finds in the company of friends and colleagues. He makes an excellent

friend, and he is a friend to many.

This book, Singularities, he tells me is his swan song. But this can’t be so.

He told me that same thing two books ago, when he was beginning Vital

Dust. How can we afford to let de Duve retire? In any case, such a condition

in no way suits his nature, for which we must all be truly grateful.

Neil Patterson
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GENERAL INTRODUCTION

The Mechanisms of Singularity

In theory, a number of different explanations could account for a singular-

ity. Schematically, I distinguish seven different, not necessarily mutually

exclusive kinds. Represented schematically in Figure I.1 (printed on the

front endpaper of this book), these different kinds of singularities are, in

the order of decreasing probability:

Mechanism 1. Deterministic Necessity. According to this interpreta-

tion, things could not have been otherwise, given the physical–chemical

conditions that existed. Most physical and chemical phenomena belong

to this category. They obey the laws of nature in a strictly reproducible

fashion. Only at the subatomic level does quantum mechanics allow for

some uncertainty. Life is not affected by events at that level, except, ac-

cording to a theory proposed by some investigators but far from unani-

mously accepted, in the brain–mind connection.

Mechanism 2. Selective Bottleneck. This mechanism applies to any

situation where different options are subject to an externally imposed

selection process that allows only a single one to subsist. The most familiar

such situation occurs in Darwinian natural selection, where different or-

ganisms compete for available resources within ecosystems and the organ-

ism most apt to survive and reproduce under prevailing environmental

1
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2 SINGULARITIES

Table I.1. Converting chance to necessity. A few examples
illustrating the number n of opportunities required for an
event of probability P to have a 99.9% chance of taking place.
Calculations (see text) are based on the following formula (in
which Pn is the probability of the event’s occurring if n trials
are made):

Pn = 1 − (1 − P)n

Probability Value of n
Game Pn for n = 1 for Pn = 99.9%

Toss of a coin 1/2 10
Toss of a die 1/6 38
Roulette (one zero) 1/37 252
Lottery (seven digits) 1/107 69 × 106

Point mutations 1/(3 × 109) 20 × 109

(replication errors) per cell division divisions

conditions ends up predominating. Many other instances of a basically

similar process are encountered or can be created, depending on the na-

ture of the competing entities and on that of the selection criteria. Thus,

as is done in many bioengineering experiments, replicating molecules

subject to mutations may be forced through a selective bottleneck rigged

so as to let through only those molecules that exhibit a predetermined

catalytic activity, eventually singling out the most efficient among the

retained catalysts.

By definition, a selection process of this sort is restricted to the actual

variants that are subjected to it. An organism or molecule fitter than the

one selected may be possible. But if the required variant is not supplied

in the first place, it obviously cannot be selected. When, as is often the

case, variants arise by chance, the likelihood that a given variant will be

offered for selection depends on the number of opportunities this variant

is given to occur, relative to its probability.

This relationship is readily calculated (de Duve, 1995). Let P be the

probability of the event; then the probability of its not occurring is 1 − P

in a single trial and (1 − P )n in n trials. Thus, the probability Pn that

the event will actually occur if it is given n opportunities to occur equals

1 − (1 − P )n. A few representative values calculated by this equation are

shown in Table I.1.
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THE MECHANISMS OF SINGULARITY 3

What this calculation is meant to illustrate is that chance does not

exclude inevitability. Even highly improbable events may be made to

happen with near-certainty if enough opportunities are provided for them

to happen. As a rough rule of thumb, multiply the reciprocal of the

probability of the event by a little less than seven, and you have the

number of opportunities needed to give the event a 99.9% likelihood of

taking place. As indicated by Table I.1, even a seven-digit lottery number

will come out in 999 cases out of 1000 if 69 million drawings are held.

This fact is of little interest to buyers of lottery tickets but has deeply

meaningful implications for the history of life. It allows for the possi-

bility of selective optimization under given circumstances, if the situation

is such that the range of possible variants can be explored exhaustively.

We shall encounter a number of instances where this may indeed have

happened.

Mechanism 3. Restrictive Bottleneck. This term refers to a situation in

which internal constraints, imposed, for example, by the structures of

genomes or by existing body plans, funnel evolution through an increas-

ingly narrow pathway that ends in a singularity. Each step of an evolution-

ary process restricts the options open to the following step or, otherwise

put, increases the degree of commitment in a given direction. The differ-

ence between this kind of bottleneck and the preceding one is that it is

shaped by internal rather than external factors. These, of course, are the-

oretical extremes. In reality, the two kinds of factors are often involved

simultaneously to varying degrees.

Mechanism 4. Pseudo-Bottleneck. This term is used to describe the case

in which a single branch emerges, not through some sort of selective or

restrictive process, but as a mere consequence of the progressive attrition

of all the others. In this form of singularity, historical contingency plays a

much more important role than it does in bottlenecks, whether externally

or internally imposed. The two forms may, however, not be easily distin-

guishable from one another. There probably exists a continuous gradation

between the chance survival of a given branch and its enforced emergence

by a combination of selective and restrictive factors.
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Mechanism 5. Frozen Accident. In this case, the singularity is due to

pure chance deciding between two or more possibilities that happen to

be such that a course can no longer be changed once it has been set.

Imagine arriving at a road fork and flipping a coin to decide whether to

turn left or right. Or make it a roundabout with six outlets and base your

decision on the throw of a die. The main point is that all options are

open until you have left it to chance to decide for you. After that, you

are irrevocably committed; all other options are henceforth ruled out.

Chance decides, but, once the decided direction has been taken, there is

no going back and trying another one.

Mechanism 6. Fantastic Luck. In this mechanism, chance plays an even

greater role than in the preceding one, in that the singularity is actually

attributed to a highly improbable event, most unlikely to be repeated

anywhere, any time. There is nothing untoward about such a possibility:

Single events of extremely low probability take place all the time in nature

and should not excite any wonder. An example I have cited before comes

from the game of bridge. Each distribution of the 52 cards among the four

players is one out of a total of 5 × 1028 possible distributions. This figure

is truly immense. Even if the entire present population of the world had

been playing bridge nonstop since the time of the Big Bang, only a small

fraction of this number of distributions would have been dealt. Thus,

the probability of any given card distribution is infinitesimally small. Yet

no bridge player has ever exclaimed at being witness to a near-miracle.

What would be a miracle, however, or, rather, unmistakable evidence

of trickery, is if the same distribution should be dealt again, even once.

The probability of such an occurrence is one in 2.5 × 1057 (5 × 1028 ×
5 × 1028), that is, for all practical purposes, zero. Thus, in the realm of

very low probabilities, chance and singularity go together, an argument

often invoked in support of uniqueness in evolution.

Mechanism 7. Intelligent Design. This mechanism postulates the oc-

currence of evolutionary steps that could not possibly have taken place

without the intervention of some kind of supernatural guiding entity.

Strictly speaking, such a possibility hardly deserves mention in a scientific
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context, as it can come into account only after all natural explanations

have been ruled out, and, obviously, they never can be. Intelligent de-

sign has, however, been advocated in recent years by a small minority

of highly vocal scientists, who claim to have demonstrated that certain

evolutionary steps cannot be explained in strictly natural terms. Loudly

acclaimed in many fundamentalist and even more liberal religious circles,

these arguments have failed to convince a significant number of scientists.
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1 Building Blocks

All living organisms, from microbes to humans, are made of the same ba-

sic building blocks, consisting mainly of sugars, amino acids, fatty acids,

and nitrogenous bases, altogether little more than fifty distinct, small

chemical species, of molecular weights rarely exceeding 200. What largely

differentiates organisms chemically is the manner in which these build-

ing blocks join into larger assemblages, mostly polysaccharides, proteins,

lipids, and nucleic acids. A number of additional compounds peculiar to

certain sets of organisms exist – chlorophyll in plants is an example –

but these are most likely products of later evolution. In its earliest forms,

life probably was made of little more than the universal building blocks

found in all living organisms today.

Prebiotic Chemistry

This remarkable singularity goes back to the very beginnings of life, con-

veying a central message whose meaning did not catch the attention of bi-

ologists until 1953, when Stanley Miller observed the spontaneous forma-

tion of a number of amino acids and other typical biological constituents

in a laboratory situation he and his mentor, the celebrated chemist Harold

Urey, believed to be representative of the conditions that prevailed on the

primitive Earth at the time life first appeared (Miller, 1953). Even though

6
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serious doubts have since been voiced about its underlying assumption,

Miller’s achievement remains a major landmark in the history of biology.

It opened the new field of prebiotic chemistry and sparked a large number

of interesting experiments.

Perhaps even more importantly, Miller’s findings highlighted the pos-

sibility that the building blocks of life could have been the products of

natural chemical phenomena, mandated by local physical–chemical con-

ditions. This possibility should not have come as a surprise, for it was

consistent with the view, already solidly established at that time, that

living processes take place naturally, without the intervention of some

special “vital force.” But, with rare exceptions, biochemists in those days

hardly bothered with the origin of life, which they relegated to the realm

of the unknowable, not worth experimenting on or even thinking about.

Cosmic Chemistry

Surprisingly, nothing like the sensation created by Miller’s experiments

greeted the later, much more startling discoveries showing the presence

of a variety of organic molecules in extraterrestrial sites never visited

by any living organism. Detected by radioastronomical spectroscopy, by

spacecraft-borne instruments sent to passing comets and other parts of

the solar system, and by detailed analyses of meteorites that have fallen

on Earth, these organic substances now number in the hundreds, creating

a host of fascinating problems for the scientists who attempt to explain

their formation (for two comprehensive reviews, see Botta and Bada, 2002;

Ehrenfreund et al., 2002).

From the ultra-rarefied interstellar spaces, where hours may go by be-

fore an atom encounters another atom, to the tiny dust particles that

float in space, to the material that makes up protoplanetary disks around

new-forming stars, to the comets and asteroids that condense from this

material, to the surfaces of planets and their moons orbiting around a star,

there exists a gradation of complexity, ranging from small assemblages of

a few atoms – such as the hydroxyl, methyl, and methylene radicals, water,

methane, carbon monoxide, methanol, formaldehyde, cyanide, cyanate,

isocyanate, and thiocyanate, to mention only a few – to a wide variety
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of larger molecules, including, in addition to a considerable amount of

“junk” (as judged by a biochemist), amino acids, sugars, purines, pyrim-

idines, fatty acids, and other typical biological constituents, some engaged

in more complex associations.

These observations have now reached the stage of laboratory experi-

mentation. In France, the group of Guy Ourisson has obtained a wide vari-

ety of biological building blocks by high-energy bombardment of graphite

targets with molecular beams of the desired atoms, simulating plausible

interstellar events (Devienne et al., 1998, 2002). In another approach, two

groups, one American (Bernstein et al., 2002) and the other European

(Munoz Caro et al., 2002), have found that a number of amino acids arise

spontaneously in simulated interstellar ice analogues containing water,

methanol, and ammonia as main components, with, in addition, hydro-

gen cyanide in one case (Bernstein et al., 2002), and carbon monoxide

and carbon dioxide in the other (Munoz Caro et al., 2002), exposed to

UV irradiation at very low temperature and under very high vacuum.

There has been much discussion concerning the possible destruction

of extraterrestrial organic molecules upon entry into the atmosphere, and

later impact, of their carrying body, whether comet or meteorite (Botta

and Bada, 2002; Ehrenfreund et al., 2002). It is generally believed that,

even though such destruction may have been important, a sufficient pro-

portion of the incoming material would have been spared, providing

abundant building blocks for the origin of life on our planet. A partial

contribution by terrestrial chemistry is, however, not excluded.

The general conclusion that emerges from all these findings is that

the building blocks of life form naturally in our galaxy and, most likely, also

elsewhere in the cosmos. The chemical seeds of life are universal. The

first singularity that we detect is thus the consequence of the basic laws

that govern the transformations of matter in the universe; it is clearly of

deterministic origin (mechanism 1).

This conclusion presupposes that the products of cosmic chemistry

(and of terrestrial prebiotic chemistry) did indeed serve to initiate the

development of life on Earth. The remarkable similarities between these

products and the building blocks of life would seem strongly to support

this assumption. Nevertheless, as will be mentioned in Chapter 5, a theory
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vigorously advocated by some investigators holds that life started from

scratch, so to speak, that is, from carbon dioxide and other simple mate-

rials developing into increasingly complex compounds by pathways that

prefigured in some respects the reactions of present-day metabolism. As

we shall see, these are very interesting proposals, which include a num-

ber of valuable aspects. But the assumption that the products of prebiotic

chemistry may have had nothing to do with the initiation of life on Earth –

and, therefore, that their similarities with the building blocks of life are a

meaningless coincidence – does seem difficult to accept.

Note, however, that not all the products of cosmic chemistry are

used for the construction of life. For example, �-aminobutyric acid and

�-aminoisobutyric acid, which are present in fair abundance in the

Murchison meteorite and in Miller’s experimental flasks, are not found

in living organisms. On the other hand, ubiquitous compounds, such as

the amino acids tryptophan and histidine, have not so far been identified

among products of cosmic chemistry and may never be, having appeared

later in the development of life. Thus, selection and innovation are two

key notions that have to be added to determinism at an early stage in

our appreciation of life’s building blocks. A remarkable singularity, in this

connection, is the fact that life often uses only one of the two possible

isomers whenever molecules exhibiting the phenomenon of chirality are

employed. Known as homochirality (Greek for “same-handedness”), this

trait, which is considered by many as one of the most mysterious proper-

ties of life, deserves to be examined in some detail.
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2 Homochirality

It has been known since the days of Pasteur (famous, notably, for the

separation of two forms of tartaric acid) that molecules containing an

asymmetric carbon atom, that is, a carbon atom bearing four different

groups, can exist in two forms that are to each other like one hand to

the other (cheir means hand in Greek) or like an object to its image in

a mirror. When aqueous solutions of such molecules are traversed by a

beam of polarized light, the polarization plane of the light is rotated by

a certain angle. The value of this angle, adjusted to the concentration of

the solution and to the thickness of the liquid layer traversed, is known

as the specific rotatory power, or optical activity, of the substance; it is

the same in absolute value, but of opposite sign, for the two forms. By

definition, the optical activity is said to be positive when the polarization

plane of the light is rotated to the right, and negative in the opposite

case. The two forms, known as enantiomers (enantios means opposite in

Greek), are designated d, for dextrorotatory (dexter means right in Latin),

and l, for levorotatory (laevus means left in Latin).

Following a proposal made at the beginning of the last century by the

German chemist Emil Fischer, the nomenclature based on optical activity

was replaced by one based on structure. Stereoisomers (stereos means

solid in Greek) replaced optical isomers. Fischer based his classification

on the two forms of glyceraldehyde, designating by D the d form of this

10
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substance, in which the central OH group lies at the right in the planar

projection of the molecule (the aldehyde group being written on top),

and by L the l form, in which this group lies at the left:

H—C    O

H—C—OH

CH2OH 

——

HO—C—H

CH2OH

H—C    O——

D-glyceraldehyde L-glyceraldehyde

Fischer classified sugars according to this rule, the prefix D being given

to the form in which the OH group attached to the penultimate carbon

atom (next to the terminal CH2OH) lies at the right, and the prefix L

being given to the corresponding enantiomer. In this convention, the

letters D and L no longer indicate the sign of the optical activity. For

example, whereas D-glucose is dextrorotatory, D-fructose, which combines

with glucose to form sucrose, the common sugar, is levorotatory. So are D-

ribose and D-deoxyribose. Optical rotation, when indicated, is represented

by a sign, for example, D-(+)-glucose, D-(−)-ribose, and so on.

This nomenclature was extended to �-amino acids, the position of

the �-amino group (the carboxyl group being written on top) serving to

distinguish the D and L forms:

COOH COOH

H—C—NH2 H2N—C—H

R R

D-amino acid L-amino acid

As it happens, L-amino acids are levorotatory, at least in neutral solu-

tion (they become dextrorotatory in an acidic medium). So, in their case,

L corresponds to l.

In living organisms, most of the complex substances (polymers) con-

structed from chiral building blocks (monomers) are homochiral, that

is, contain molecules of the same stereochemical handedness. Proteins

are made exclusively of L-amino acids (except for glycine, which is not

optically active). Among nucleic acids, RNA contains only D-ribose, and
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DNA D-deoxyribose. Starch and glycogen are homochiral combinations

of D-glucose, and so on. There are exceptions. For example, D-amino acids

are found, alongside L-amino acids, in murein, the main constituent of

eubacterial cell walls, and in a number of bacterial peptides and related

substances; they are even found in significant amounts in higher organ-

isms (Fujii, 2002).

The remarkable homochirality of central biological constituents has

been the object of much discussion and speculation. Actually, there are

two separate problems, represented by the “homo” and “chirality” parts

of the term. The use of building blocks of the same (homo) chirality for

the construction of biological macromolecules can be largely explained

by the fact that these macromolecules would not display their character-

istic properties if they were not so constructed. Proteins made of the two

kinds of amino acids could not adopt typical structures, such as �-helices

or �-sheets, that are essential to their biological properties. Heterochiral

nucleic acids most likely would not be replicable (Schmidt et al., 1997).

Thus, whatever the starting situation, one would expect homochirality

to emerge by selection. This question will be examined in subsequent

chapters.

The key problem raised by biological homochirality concerns the

“choice” between enantiomers. It cannot possibly be due to the fact that

building blocks were available in only one chiral form for the early life-

forming processes. Uncatalyzed chemical syntheses of chiral substances

invariably yield racemic mixtures, that is, equal amounts of the two iso-

mers. Among catalysts, enzymes are almost unique in being chirally spe-

cific. This property is so remarkable that the artificial creation of chiral

catalysts has been considered sufficiently noteworthy to warrant awarding

of the 2001 Nobel prize in chemistry to their inventors. The fact that na-

ture sometimes uses the two enantiomers of chiral substances (see above)

further suggests that both isomers must have been available originally.

It seems almost certain, therefore, that the first building blocks made by

cosmic and terrestrial chemistry were racemic. The “choice” must have

occurred subsequently.

How this could have happened is not known. A possibility not widely

entertained but nevertheless worthy of consideration is that the first



P1: KsF
052184195Xc02.xml CB804-De Duve 0 521 84195 X June 29, 2005 1:55

HOMOCHIRALITY 13

catalysts involved in the utilization of the building blocks for assembly

reactions were already chirally specific. A related possibility, to be consid-

ered in Chapter 8, is that the chirality of RNA may have determined the

chirality of the proteins; in other words, the “choice” of D-ribose for the

synthesis of RNA dictated the “choice” of L-amino acids for the assembly

of proteins. This would simplify matters by reducing the “choice” to the

sole ribose molecule, instead of nineteen amino acids, making it a true

singularity.

According to many workers in the field, this “choice” could be a typ-

ical example of a frozen accident (mechanism 5). Two equally probable

alternatives presented themselves. Pure chance decided in favor of one,

which, once adopted, could not be reversed. But were the two alternatives

equally probable?

This question has attracted the attention of a number of physicists,

who have looked into possible mechanisms whereby given enantiomers

could be preferentially synthesized or, more likely, destroyed by such phe-

nomena as parity violation or asymmetric irradiation, in particular UV

circular dichroism (for a brief review, see Jorissen and Cerf, 2002). The re-

sulting enantiomeric excess, although small, would have been sufficient

to tip the scale in favor of the more abundant enantiomer at the time

selection occurred.

The analysis of meteorites has revealed a systematic and often con-

siderable excess of L- over D-amino acids (Botta et al., 2002). This fact

was generally attributed to inevitable contamination by debris from liv-

ing organisms until the finding, in 1997, that some amino acids that

are not used for protein synthesis may sometimes also show an ex-

cess of the L form, though much more modest than that observed

for proteinogenic amino acids (Cronin and Pizzarello, 1997). The pos-

sibility of a slight cosmic bias in favor of L-amino acids, at least in

the neighborhood of the solar system, therefore cannot be excluded.

Interestingly, a recent study has shown that such a bias is catalytically

communicable: The chirality of four-carbon sugars (tetroses) formed from

glycolaldehyde by amino-acid-catalyzed aldol condensation was found

to depend on the chirality of the amino acids (Pizzarello and Weber,

2004).
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We must leave this matter to experts. Its main relevance, from the

point of view of this book, besides its obvious theoretical interest, is to ex-

traterrestrial life. Could there be other life forms containing the same ba-

sic constituents as terrestrial organisms, but of opposite chirality? Should

such forms one day be discovered, their chirality would be strong evidence

of their independent origin.
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3 Protometabolism

Given a steady supply of organic building blocks, whether delivered from

outer space or formed locally, what goes on next depends on prevailing

physical and chemical conditions, as exemplified by Earth, Europa, Titan,

and, perhaps, Mars, which all have undergone different histories while

probably all receiving the same array of cosmic building blocks. Under the

conditions that existed on Earth some four billion years ago – assuming

life arose on our planet – the building blocks entered into a complex

set of chemical interactions that initiated a long road that finally was

to lead to the first primitive living cells. These early chemical processes

are generally referred to as prebiotic, or abiotic, chemistry. They will be

designated protometabolism in this book, in order to indicate that they

preceded present-day metabolism and gave rise to it.

The pathways of protometabolism are unknown, but they can be

approached, theoretically and experimentally, with the help of what is

known of present-day life. There are good reasons to believe, for exam-

ple, that RNA was the first bearer of replicable genetic information,1 only

1 The possibility that RNA may itself have been preceded by some simpler, replicable,
information-bearing substance has been repeatedly evoked. A whole literature exists
on the topic, which has produced a number of findings that are interesting from the
chemical point of view but not obviously relevant biologically. Being unsupported by
direct evidence, these suggestions will not be considered in this book.

15
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later to be followed and replaced by DNA. It is also highly probable that

proteins were originally assembled from amino acids by interacting RNA

molecules, which eventually gave rise to the components of the protein-

synthesizing machinery. These notions, which have inspired Gilbert’s

RNA-world model (Gilbert, 1986), will be examined in greater detail later.

They are essential for the understanding of the intriguing transition from

protometabolism to metabolism and thereby throw light also on the prop-

erties of protometabolism itself.

Metabolism and Enzymes

In today’s living world, metabolism obeys the laws of chemistry, but it in

no way follows the pathways organic chemists would adopt to effect the

same transformations. The difference lies in enzymatic catalysis. Each of

the many chemical reactions that take place in living cells – several hun-

dred at the very least, several thousand in many instances – is catalyzed by

an enzyme. Almost without exception, not one of those reactions would

proceed at even a very slow rate without such catalytic support. Organic

chemists, not having enzyme-like catalysts at their disposal, must rely on

different mechanisms when they try to mimic nature. Their procedures

often involve several steps, each carried out in a selected medium and

separated from the next one by purification of the product.

Most enzymes are proteins, that is, molecules made of a large number

of amino acids strung together in specific sequences dictated by the nu-

cleotide sequences of messenger RNA molecules, which are themselves

transcribed from DNA sequences. As mentioned above, proteins were

most probably “invented” by RNA, which was also the first bearer of repli-

cable genetic information, before DNA. Thus, the first enzymes were RNA

“creations.”

A few biological reactions are catalyzed by RNA molecules (ribo-

zymes),2 rather than by protein enzymes. Even if, as is assumed by the

RNA-world hypothesis (Gilbert, 1986), ribozymes fulfilled a more im-

portant role in prebiotic times than today, their appearance must, by

2 As will be seen in later chapters, the two main functions of catalytic RNAs in present-day
life are in protein synthesis and RNA processing.



P1: ICD
052184195Xc03.xml CB804-De Duve 0 521 84195 X June 29, 2005 2:0

PROTOMETABOLISM 17

necessity, have followed the chemical development of RNA itself. Hence,

all the chemical phenomena that preceded the appearance of RNA and

led to it must have taken place without the help of either RNA or pro-

tein catalysts, from which it is generally concluded that protometabolism

cannot have followed the pathways of metabolism.3

Congruence

The reasoning mentioned above seems unassailable, but it meets with two

difficulties. One is that the many attempts by chemists to duplicate nature

by plausible prebiotic processes have so far met with only limited success,

in spite of a considerable expenditure of effort and ingenuity. This may be

a question only of the right approach not having been taken. This failure

may be corrected tomorrow, and then everyone will exclaim: “Why didn’t

I think of this before?”

True enough. But there remains another, more fundamental question:

How did protometabolism come to be replaced by metabolism? The ob-

vious answer to this question is that the appearance of catalysts, whether

ribozymes, protein enzymes, or both, was responsible for the transition,

delineating the new pathways by their catalytic activities. But this does

not solve the problem. We have to ask how catalysts with appropriate

properties came to appear. If we rule out intelligent design and, which

amounts almost to the same thing,4 strict determinism, the only scien-

tifically plausible explanation is that the catalysts arose through selection.

This explanation has profound implications.

Selection is possible only in a system endowed with replicability and

variability. The first property presumably belonged to RNA molecules

(DNA would serve as well, but the mechanism would have to be more

complex, requiring an additional transcription step). The second property,

3 According to Leslie Orgel, a pioneer of origin-of-life research and a forceful defender of
this view, metabolism, being a creation of ribozymes and protein enzymes, could not
throw any light on the origin of its creators. “If the RNA world developed de novo,” he
writes in a recent paper, “it erected an opaque barrier between biochemistry and the
prebiotic chemistry that preceded the RNA world” (Orgel, 2003).

4 Intelligent design and strict determinism may be equivalent in terms of practical
outcome; they are, of course, profoundly different philosophically.
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variation, follows automatically from the first, especially in a primitive

system where replication must have been very imprecise. There remains

selection itself. How could the possession of some catalytic activity by an

RNA or protein molecule favor that molecule’s selection?

If we are dealing with a ribozyme, the catalytic property could conceiv-

ably go together with a greater stability of the molecule, or with its faster

replication, or with both, leading to molecular selection of the kind first

reproduced in a test tube by Spiegelman (1967). It is, however, doubtful

that such a mechanism could account for the selection of catalytic RNAs

in general. It could not possibly explain the selection of proteins, which

are not replicable. For these substances, selection must perforce have been

indirect. The protein enzyme must have exerted a positive feedback on

the replication of the RNA coding for it [Eigen’s hypercycle (Eigen and

Schuster, 1977)]. As a general mechanism, this could have been achieved

only by way of competing, reproducing units, or protocells, that derived

some advantage from the possession of the enzyme (de Duve, 2005).

We are thus led to imagine, as a necessary precondition to the se-

lection of enzymes (and, probably, also many ribozymes), the existence

of a large number of protocells, each endowed with a primitive, replica-

ble RNA genome, a rudimentary translation machinery, and the ability

to grow, divide, multiply, and thus compete for available resources. How

these features appeared will be considered later in this book. Suffice it to

state that they must, by definition, have been acquired without the help

of enzymes, with the sole support of protometabolism. It follows that pro-

tometabolism must have displayed an appreciable degree of complexity to

be able to support the development of protocells thus endowed, and that

it must have enjoyed considerable stability and robustness under prevailing

conditions to do so during the whole time required by this development.

Let us now consider the mechanism of selection itself. According to

the proposed Darwinian model, the triggering event must be a genetic

modification, the result of a replication error, no doubt plentiful at that

time, or of some other accident, leading to the production by the affected

protocell of a protein endowed with some catalytic activity. Should this

activity prove useful to the mutant protocell, and only then, selection

and amplification of this protocell will take place, eventually leading to
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a population of which most members possess the enzyme. Repeat of the

same mechanism for another enzyme will likewise cause the selection

and amplification of protocells endowed with the two activities. These

protocells may then, in turn, similarly acquire a third enzyme, and so on.

As depicted, the proposed scenario is, of course, a highly schematic

and oversimplified view of what may have happened. Some mutations

could have taken place simultaneously, rather than sequentially. Pro-

tocells could have exchanged genes on a large scale, as happens today

among bacteria.5 More than one population of protocells could have been

involved. All kinds of possibilities can be contemplated. What is crucially

important and common to all models is the key role of selection and the

consequent prerequisite of usefulness.

For the protocellular owner of an enzyme to be selected, it must have

derived an advantage from this ownership. The enzyme must have been

useful. Absent this property, there could have been no selection. Now, it

is clear that a catalyst can be useful only if it finds in its surroundings

one or more substrates on which to act and one or more outlets for the

product(s) of the reaction(s) it catalyzes. Without a substrate, even the

most sophisticated catalyst is useless. On the other hand, if what it makes

cannot be cleared, the catalytic activity will lead into a blind alley, serving

no advantage and possibly even being harmful. Substrates and outlets

must have been provided by protometabolism, which thus acted as a

screen in the selection of the first enzymes. Only those enzymes that

fitted within the existing chemistry were conserved, from which it follows

that protometabolism must have prefigured metabolism. The two were

congruent; they followed similar pathways.6

Note that this argument applies also to any ribozyme that could not

have been retained by direct molecular selection. Thus, even a hypo-

thetical RNA world supported largely by catalytic RNAs (Gilbert, 1986)

5 We shall see in Chapter 14 that several workers believe horizontal gene transfer to have
been very frequent among early protocells.

6 The congruence argument, which I first made in 1993 (de Duve, 1993) and have reiter-
ated many times since, has not so far been addressed critically by other workers in the
field, even though it opens a wide tunnel in the “opaque barrier” alluded to by Orgel
(2003) in the paper quoted above (see footnote 3).
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could have inherited a significant part of its underlying chemistry from

protometabolism.

Theoretical considerations thus lead to apparently paradoxical conclu-

sions. Protometabolism, having had no enzymes to support it, must neces-

sarily have been very different from metabolism, which relies entirely on

enzymes. Yet, metabolism could not have arisen historically without tak-

ing over many of the pathways or, at least, reactants of protometabolism.

Obviously, there must be a flaw somewhere. Let us first look a little more

closely at the congruence argument.

One point that I did not clearly state in my earlier writings on the topic

and only recently came to appreciate is that the mechanism proposed for

the emergence of metabolism is doubly selective (de Duve, 2005). Not

only are enzymes selected only if they fit into protometabolism, as ar-

gued, but reactions of protometabolism are carried over into metabolism

only if enzymes catalyzing them arise and are selected. In other words,

protometabolism and enzymes are mutually selective. Thus, the appear-

ance of the first enzymes could have signaled an important bottleneck

in the development of life, a key transition from what may have been

a “dirty” protometabolism to a cleaner metabolism. It is quite possible

that the chemistry of emerging life consisted of a set of fairly unspecific

reactions, among which appearing enzymes would progressively have

selected a coherent subset that turned into metabolism.

The existence of this bottleneck raises an intriguing question: Could

metabolism have been different if, by the chance occurrence of other

mutations, proteins with different catalytic activities had emerged and

a different subset of protometabolic reactions had been selected to form

metabolism? In other words, could metabolism be, at least in part, the

result of a frozen accident? There is no simple answer to that question. As

we have seen, the “choice” of chirality, being a simple binary one, could

have been of that kind, although even that is not certain. In the case

of metabolism, it is conceivable that the chance appearance of a given

enzyme created conditions favoring the subsequent selection of enzymes

that would not otherwise have been retained. If, however, conditions had

been such as to permit a near-exhaustive exploration of the possibilities

offered by chance, optimization would eventually have been achieved,
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whatever the order in which mutations took place.7 As will be seen in

later chapters, the second alternative seems more probable.

One last remark is in order before closing this important question.

Congruence with protometabolism applies to the reactions catalyzed by

the first, primitive enzymes, not necessarily to the much more com-

plex processes that characterize present-day metabolism. Much may have

changed in the course of the long evolutionary sequence of events lead-

ing from the early catalysts to the highly sophisticated enzymes of today.

This is obviously true. No doubt, much was added to the first reactions

as evolution proceeded, and these reactions may, themselves, have un-

dergone considerable modifications. It is, however, unlikely that these

changes could have been such as to obliterate completely the legacies of

the past. What is known of the modular construction of proteins (see

Chapter 8) suggests that certain core catalytic centers going back to early

days served in the combinatorial mechanism whereby modern proteins

were assembled. To distinguish between true innovation and evolutionary

continuity may, however, not be easy.

The First Catalysts

It is widely realized that protometabolism is not likely to have functioned

without the help of catalysts. However, most investigators have, for un-

derstandable reasons, looked mainly in the mineral world for possible

prebiotic catalysts. Their search has not been entirely fruitless. Metal ions

and, especially, clays have yielded a number of interesting results, but

restricted largely to the single process of RNA assembly.

7 Relevant to this question is an interesting cladistic study by Cunchillos and Lecointre
(2002, 2005), who have tried to establish the order in which metabolic pathways have ap-
peared. Their results suggest that metabolism started with the breakdown and synthesis
of amino acids. Central pathways, like the Krebs cycle and the glycolytic chain, appar-
ently developed later. It must be noted that the authors of this work believe, contrary
to my proposed scheme, that their results apply to protometabolic pathways, allegedly
catalyzed by authentic proteins taken to have appeared before RNA and to have been sub-
ject to natural selection without the intervention of nucleic acids. This interpretation,
which contradicts notions on the place of proteins in the origin of life that are gener-
ally accepted and have been adopted in this book, is not supported by any objective
argument.
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The congruence notion prompts our taking a new look at the problem.

If protometabolism and metabolism were congruent, then the equivalents

of a number of key enzymes must have been present in the prebiotic

setting. At first sight, this hardly looks plausible. One doesn’t see how the

barren, prebiotic milieu could possibly have generated substances capable

of mimicking the catalytic properties of a number of complex protein

molecules. There is a possibility, however.

Together with the French investigator André Brack (2003), I have pro-

posed that prebiotic catalysis could have been accomplished by peptides

or, more precisely, by what I have called multimers to imply that they

could have been made from additional components besides amino acids.

Compared to proteins, my hypothetical multimers would have been

much shorter, and they would have been more heterogeneous, contain-

ing a variety of amino acids of both D and L chiral configuration and,

possibly, other constituents, such as hydroxy acids. Interestingly, many

substances obeying this description exist in nature. Grouped into two

categories, peptides and polyketides, they are made mostly by bacteria

or by fungi, and are attracting increasing interest because they include

many antibiotics and other active agents, such as the immunosuppressor

cyclosporin (Cane, 1997; Walsh, 2004). They are synthesized by a vari-

ety of complex mechanisms that have in common that they all use the

thioesters (see Chapter 6) of the constituent acids as activated precursors.

The possibility that similar substances could have arisen sponta-

neously in a prebiotic setting is plausible. Made of building blocks that are

abundant among the primary products of cosmic chemistry, the posited

multimers could have formed by fairly simple assembly mechanisms,

which could even, like their natural counterparts, have involved thioester

precursors. It is even possible that substances resembling my multimers

may be formed by cosmic chemistry. There is evidence for the presence

of peptides in meteorites, though apparently limited to the simple dipep-

tide glycylglycine (Shimoyama and Ogasawara, 2002). In the simulation

experiments reported above (Bernstein et al., 2002, Munoz-Caro et al.,

2002), free amino acids were obtained in substantial amounts in the

products of UV-irradiated interstellar ice analogues only if the material

had first been subjected to acid hydrolysis. The possibility that the amino
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acids may be present in the form of peptides is explicitly raised by the in-

vestigators. It is thus conceivable that peptides and analogous substances

accompanied basic building blocks in the cometary showers that are be-

lieved to have delivered chemical seeds of life to the prebiotic Earth.

It is also possible that such substances formed later on Earth. Sev-

eral investigators have described the synthesis of peptides under plausible

prebiotic conditions (see, for example, Huber and Wächtershäuser, 1998;

Leman et al., 2004). Particularly interesting are the experiments by a group

of Japanese workers who have observed amino acid oligomerization in a

hot–cold flow reactor designed to simulate a hydrothermal vent setting

(Imai et al., 1999; Ogata et al., 2000; Yokoyama et al., 2003; Ozawa et al.,

2004).

Whether compounds made in this way could have displayed, be it

only in a rudimentary fashion, the catalytic activities required for a

metabolism-like prebiotic chemistry has not yet been ascertained. No

catalytic activity has been detected in any of the natural substances men-

tioned above. But this could be because none has been looked for or be-

cause no selective pressure favored the emergence of catalysts in the pres-

ence of the much more efficient protein enzymes. Being closely related to

proteins, the hypothetical multimers certainly offer a good chance of in-

cluding molecular configurations resembling the active sites of enzymes.

Their shortness does not preclude such a possibility.8 As will be pointed

out later (see Chapter 8), there are strong reasons to believe that the first

protein enzymes were little more than some twenty amino acids long, on

average. If such was the case, it follows that peptides of such small size

could display the catalytic activities required by protometabolism. Need-

less to say, mineral catalysts, in particular metal ions, could have been

involved as well, as they are in many enzyme-catalyzed reactions today.

It has been objected that the multimer hypothesis does not include

a mechanism for the selection of the active catalysts. But this is true of

all the processes that preceded the emergence of the first replicative ma-

chinery conducive to natural selection. Until this happened, chemical

8 Even single amino acids can display catalytic activities (Bar-Nun et al., 1994; Weber,
2001; Pizzarello and Weber, 2004).
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determinism had to suffice, without the help of selection.9 The assump-

tion, therefore, is that the multimer mixture that arose spontaneously

under the prevailing conditions contained an adequate set of catalysts

and that the conditions remained stable long enough to ensure an unin-

terrupted supply of these catalysts until they could be dispensed with. The

first requisite is obviously the decisive one, because stability of conditions

would be necessary for the continuing occurrence of any critical chemical

step dependent on those conditions, whatever its nature. Whether a set of

catalysts sufficient for a metabolism-like protometabolism could possibly

have been present in the postulated multimer mixture is a matter of mere

conjecture at the present time.

It need not remain so indefinitely. The multimer theory or, at least, its

verisimilitude can be put to experimental test. As proposed elsewhere

(de Duve, 2003), natural and artificial analogues of my hypothetical

multimers could be screened for some key catalytic activities, mainly

electron transfers and group transfers. Perhaps such experiments will be

carried out some day.

9 The possibility must be admitted that the composition of the hypothetical multimers
was not entirely ruled by strict determinism. In their experiments showing the formation
of peptides in a simulated hydrothermal environment, the Japanese workers have noted
the occurrence of what they call “stochastic aspects” (Yokoyama et al., 2003).
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Throughout the living world, energy circulates almost entirely in the form

of a single chemical currency, known as ATP in biochemical jargon. The

central function of this substance stands out as one of the most remarkable

singularities in the organization of life, all the more impressive because

ATP, together with its close relatives and occasional substitutes, GTP, CTP,

and UTP, also represents one of the four universal precursors in the con-

struction of RNA, most likely the first information-bearing molecule in

the development of life.

Anatomy of a Molecule

ATP stands for adenosine triphosphate. As we shall see in greater detail

later, adenosine (A) belongs to the group of nucleosides; it is a combination

of the purine base adenine with the five-carbon sugar ribose.

Attachment of a phosphate molecule to the ribose end of A by an ester

linkage produces adenosine monophosphate (AMP), a nucleotide. Two ad-

ditional phosphoryl groups attached to the terminal phosphate of AMP

and to each other by pyrophosphate bonds (pyrophosphate is the product

of the heat-induced combination, with loss of water, of two molecules

of inorganic phosphate) lead successively to adenosine diphosphate

25
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(ADP) and adenosine triphosphate (ATP). These structures are illustrated

below:

A-O-P-O− AMP

A-O-P-O-P-O− ADP

A-O-P-O-P-O-P-O− ATP

O−

O

O O

O O O

O− O−

O− O− O−

It is useful to mention at this stage that identical structures exist

with A replaced by G (guanosine), C (cytidine), or U (uridine), which are

nucleosides in which ribose is combined with the purine base guanine,

the pyrimidine base cytosine, or the pyrimidine base uracil, respectively.

As will be seen later, these compounds are key precursors in the synthesis

of RNA. Furthermore, replacement of the ribose in these molecules by de-

oxyribose (and of U by T, thymidine) yields similar derivatives, involved

in the construction of DNA. From the point of view of this chapter, these

differences are immaterial (they are all-important as regards information).

The business end of the molecules with respect to energy is represented by

the triphosphate part, which is the same and possesses the same energetic

properties in all varieties.

Life’s Jack of All Trades

Most of the work accomplished by living organisms on our planet is

powered by hydrolysis (splitting with the help of water) of the terminal

pyrophosphate bond of ATP, giving adenosine diphosphate (ADP) and
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inorganic phosphate (Pi):

A-O-P-O-P-O-P-O− + H2O          A-O-P-O-P-O− + HO-P-O− + H
+

O O O O O O

O− O− O− O− O− O−

In biochemical shorthand,

ATP + H2O −→ ADP + Pi (1)

This reaction releases energy, a term used here and elsewhere in this

book as a simpler substitute for the more precise term free energy, which

combines internal energy and entropy to express the maximum amount

of work that can be supported by a chemical reaction, the true quantity of

interest. Under conditions approaching those that prevail in living cells,

the amount of energy released by the hydrolysis of the pyrophosphate

bonds of ATP is on the order of 14 kcal (kilocalories), or 59 kJ (kilojoules),

per gram-molecule of substance split. This value is the size of the energy

packages used in most biological energy transactions, what may be seen

as the standard bioenergetic currency unit. If ATP hydrolysis takes place

freely, the energy released by the reaction is dissipated as heat. Living

systems contain a number of transducers that convert the energy released

by the hydrolysis of the terminal pyrophosphate bond of ATP [reaction

(1)] into various forms of work.

In animal muscles, for example, the transducers are special protein

systems that split ATP but can do so only if they shorten at the same

time, even against a certain amount of resistance. Thus, the energy re-

leased by ATP splitting is converted into the mechanical work of over-

coming a resistance. In cell membranes, special transducers, called active

transport systems, or pumps, use the energy released by ATP splitting to

force substances into cells or out of them against a concentration gra-

dient, that is, from a site where the concentration of the substances is

lower to one where it is higher, thus performing osmotic work. If the

substances actively transported in this manner are electrically charged

(ions), their transport creates charge disparities, or membrane potentials,
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the source of electrical work in the nervous system, for example, or

in the electric organs of certain fish. In luminescent animals, such as

fireflies, light is likewise produced at the expense of energy released

by the splitting of ATP (with, in this case, the additional support of

an oxidative reaction). Particularly important, the innumerable forms

of chemical work involved in the biosynthesis of natural compounds

and their associations are almost invariably fueled by the splitting

of ATP.

Most forms of work appeared late in the development of life, when

cells had already attained a high degree of complexity. An exception

concerns chemical work, which obviously was carried out right from

the start. Leaving out the actual synthesis of building blocks, which, as

we have seen, could have been supported by whatever energy sources

were available in outer space, the main form of chemical work accom-

plished by incipient life consisted of joining building blocks together

into more complex molecules. Such processes almost invariably involve

the removal of a hydrogen atom (H) from one reactant and that of a hy-

droxyl group (OH) from the other, with formation of a water molecule

(H2O). The vast majority of cell constituents, including proteins, nucleic

acids, lipids, polysaccharides, and many other complex molecules, are

synthesized in this way from small molecules, such as amino acids, sugars,

nitrogenous bases, fatty acids, etc. Called dehydrating condensations, such

assemblies cannot take place spontaneously in aqueous media because the

abundance of water thermodynamically favors the opposite reaction of

hydrolysis.

In present-day life, this problem is solved by coupling the energy-

requiring dehydrating condensations to the energy-yielding hydrolysis

of ATP. The reactions involved in these processes are as varied as the

molecules they serve to assemble; they fill a good part of biochemistry

textbooks. Fortunately, this diversity reduces to a small number of mech-

anisms, which are themselves applications of a unifying principle of stag-

gering simplicity that is readily explained and provides the key to the

understanding of individual processes. This principle is sequential group

transfer. The pages that follow, summarized from one of my previous

works (de Duve, 1984), should make clear what it is all about.
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Group Transfer: The Key to Biosynthesis

Consider the following problem. You wish to carry out the energy-

requiring dehydrating condensation of X-OH with Y-H, to give X-Y, in

an aqueous medium:

X-OH + Y-H −→ X-Y + H2O (2)

using as source of energy the hydrolysis of ATP into ADP and inorganic

phosphate [reaction (1)]. Letting the two reactions run side by side will

not work. The energy released by reaction (1) will be dissipated as useless

heat, with no power to drive X–OH and Y–H to join and add more water

to a medium where it is already overabundant. Life’s solution of the prob-

lem is as elegant as it is simple. Take ATP and, instead of transferring its

terminal phosphoryl group to water, as in reaction (1), transfer this group

to the X–OH reactant, in a reaction called phosphorylation, leaving ADP,

as in reaction (1), but forming the X-yl phosphate derivative instead of

inorganic phosphate:

A-O-P-O-P-O-P-O− + X-OH          A-O-P-O-P-O− + X-O-P-O− + H+

O O O O O O

O− O− O− O− O− O−

or, in biochemical shorthand,

ATP + X-OH −→ ADP + X-O-P (3)

Now, in a second step, let the X-yl group be transferred from the

X–O–P intermediate to the Y–H reactant:

X-O-P-O− + Y-H          X-Y + HO-P-O−

O O

O− O−

In biochemical shorthand,

X-O-P + Y-H −→ X-Y + Pi (4)
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X-Y

(Phosphoryl transfer)

(X-yl transfer)

X-O-H

Y-H

A-O-P-O-P-O-P-O−

OO

O−

O

O−

X-O-P-O−

O

O−

H-O-P-O−

O

O−

O−

A-O-P-O-P-O− + H+

OO

O−O−

Figure 4.1. Sequential group transfer dependent on phosphoryl transfer. In the first
step, the terminal phosphoryl group of ATP is transferred to the X–OH reactant, leav-
ing ADP and forming X-yl phosphate, from which the X-yl group is then transferred to
the Y–H reactant in the second step, leaving inorganic phosphate. Note the double-
headed intermediate, X-yl phosphate, consisting of the two groups transferred in the
two steps, joined by an oxygen atom. This oxygen atom originates from X–OH and
ends up in inorganic phosphate, thus tracing the cryptic pathway of water from the
dehydrating condensation of X–Y to the hydrolysis of the terminal pyrophosphate
bond of ATP.

Add reactions (3) and (4), and you get

ATP + X-OH + Y-H −→ X-Y + ADP + Pi (5)

X–Y is assembled and ATP is split, but water nowhere appears in free

form. It travels cryptically with the oxygen of X–OH to the oxygen of

inorganic phosphate by way of the X–O–P intermediate. This is seen more

clearly in the representation of Figure 4.1.

The essence of this mechanism is that it allows the energy released

by ATP hydrolysis to be used for the assembly of X–Y. Instead of being

dissipated, as it is in straightforward hydrolysis [reaction (1)], this energy

moves with the phosphoryl group transferred in the phosphorylation step

[reaction (3)] and is conserved in the X–O–P intermediate, with the result

that the X–OH reactant is now activated, that is, fitted with the energy

needed for joining with the Y–H reactant [reaction (4 )].1 I call the X–O–P

1 Organic chemists similarly use activation – of carboxylic acids as anhydrides, for
example – for powering syntheses, but their terminology is different. They generally
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Figure 4.2. Janus, the double-headed intermediate. This cartoon represents the
obligatory intermediate in all sequential group transfer processes. B stands for the
piece of ATP transferred to the X–OH reactant in the initial activation reaction (phos-
phoryl, AMP-yl, or pyrophosphoryl group). The intermediate is designated “double-
headed” because it is composed of two transferable groups linked by an oxygen
atom: on one side, the B-yl group, and on the other, the X-yl group, which is trans-
ferred in the second biosynthetic step. Note that, thanks to the double-headed in-
termediate, the oxygen atom provided by the X–OH reactant leaves with the B piece
donated by ATP (inorganic phosphate, AMP, or inorganic pyrophosphate), thus cou-
pling dehydrating condensation with ATP hydrolysis. (From de Duve, 1984, p. 125.)

intermediate double-headed because it consists of the two transferred

groups, linked by the crucial central oxygen atom, which moves, thanks

to it, from X–OH to inorganic phosphate (Figure 4.2).

Biochemists will recognize in the mechanism just outlined a number

of processes in which the X–OH reactant is a carboxylic acid, which is

activated by phosphorylation to the corresponding acyl phosphate. This

complex then donates the acyl group to an acceptor that may be ammonia

(forming an amide, e.g., asparagine or glutamine), an amine group (in

the synthesis of glutathione, for example), or a thiol (making a thioester;

see Figures 6.1 and 6.2, below.) Carboxylation (see below Figure 10.2) is

another example.

On the whole, the mechanism based on phosphorylation is used rel-

atively infrequently in nature. The most important biosynthetic pro-

cesses depend on the splitting of the inner pyrophosphate bond of

describe transfer reactions as “attacks” (mostly nucleophilic) by the group acceptor on
the group donor. This terminology is more rigorous but less intuitive than the notion
of group transfer used in biochemistry.
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ATP, the group transferred in the first (activation) step being either the

AMP-yl group (nucleotidyl transfer) or the terminal pyrophosphoryl group

(pyrophosphorylation):

X-OH           A-O-P—O—P-O-P-O−           X-OH 

O O O

O− O− O−

(nucleotidyl transfer) (pyrophosphorylation)

The first mechanism is illustrated in Figure 4.3 and summarized in

biochemical shorthand as follows:

ATP + X-OH −→ PPi + X-O-AMP (6)

X-O-AMP + Y-H −→ X-Y + AMP (7)

ATP + X-OH + Y-H −→ X-Y + AMP + PPi (8)

X-Y

(Nucleotidyl transfer)

(X-yl transfer)

X-O-H

Y-H

A-O-P-O-P-O-P-O−

OO

O−

O

O−

O

O−

H-O-P-O-A

O

O−

O−

H-O-P-O-P-O−

OO

O−O−

X-O-P-O-A

Figure 4.3. Sequential group transfer dependent on nucleotidyl transfer. In the first
step, the nucleotidyl group of ATP is transferred to X–OH, leaving inorganic py-
rophosphate and forming X-yl AMP, from which the X-yl group is then transferred
to the Y–H reactant in the second step, leaving AMP. X-yl AMP is the double-
headed intermediate. Its central oxygen atom comes from X–OH and ends up in
AMP.
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X-Y

(Pyrophosphoryl transfer)

(X-yl transfer)

X-O-H

Y-H

A-O-P-O-P-O-P-O−

OO

O−

O

O−

X-O-P-O-P-O−

O

O−

O

O−

H-O-P-O-P-O−

O

O−

O

O−

O−

A-O-P-O− + H+

O

O−

Figure 4.4. Sequential group transfer dependent on pyrophosphoryl transfer. In the
first step, the terminal pyrophosphoryl group of ATP is transferred to X–OH, leaving
AMP and forming X–yl pyrophosphate, from which the X–yl group is then transferred
to the Y–H reactant in the second step, leaving inorganic pyrophosphate. X-yl py-
rophosphate is the double-headed intermediate. Its central oxygen atom comes from
X–OH and ends up in inorganic pyrophosphate.

The mechanism dependent on pyrophosphorylation is shown in

Figure 4.4. In shorthand,

ATP + X-OH −→ AMP + X-O-PP (9)

X-O-PP + Y-H −→ X-Y + PPi (10)

ATP + X-OH + Y-H −→ X-Y + AMP + PPi (11)

Several remarks are in order. It will be noted first that the two processes

show the same key features as the mechanism by phosphorylation. Water

is nowhere to be seen. The oxygen of X–OH moves to a final ATP split

product (either AMP or inorganic pyrophosphate) by way of the double-

headed intermediate, which is X–O–AMP in the first case and X–O–PP in

the other. The principle of sequential group transfer is universal.

It must be noted next that the final outcome is the same whether the

nucleotidyl or the pyrophosphoryl group is transferred [reactions (8) and

(11) are identical]. In both cases, X–Y is assembled at the expense of the

splitting of ATP into AMP and inorganic pyrophosphate.



P1: KsF
052184195Xc04.xml CB804-De Duve 0 521 84195 X June 29, 2005 5:7

34 SINGULARITIES

Third, when either of these mechanisms is used, the AMP formed is

converted to ADP by phosphorylation from ATP:

AMP + ATP −→ 2 ADP (12)

and the pyrophosphate is hydrolyzed to inorganic phosphate:

PPi + H2O −→ 2 Pi (13)

The end result is that two ATP molecules, instead of one, are hy-

drolyzed to ADP and inorganic phosphate. The energy expenditure is

twice that of the mechanism dependent on phosphorylation, allowing

reactions that are particularly costly in terms of energy to proceed readily.

A fourth point is that it sometimes happens that a nucleoside triphos-

phate (NTP) other than ATP serves as energy donor. The energetics, as

we have seen, are exactly the same. When this happens, the NTP used is

regenerated from its breakdown product, either NMP or NDP (N stands

for nucleoside), by the transfer of terminal phosphoryl groups from ATP,

which thus still ends up footing the energy bill:

NMP + ATP −→ ADP + NDP (14)

NDP + ATP −→ ADP + NTP (15)

Finally, the second step (X–yl transfer), especially in the process de-

pendent on nucleotidyl transfer [reaction (7 )], is sometimes divided into

two successive reactions by the intercalation of a group carrier:

X-O-AMP + Carrier −→ AMP + Carrier-X (16)

Carrier-X + Y-H −→ X-Y + Carrier (17)

X-O-AMP + Y-H −→ X-Y + AMP (18)

Reaction (18), it will be noted, is identical to reaction (7 ).

The sequence dependent on nucleotidyl transfer is by far the most

important biosynthetic mechanism. It serves in the activation of fatty

acids for lipid synthesis, with coenzyme A as carrier [see reaction (15),

Chapter 6] and in that of amino acids for protein synthesis, with transfer

RNA as carrier [see reaction (4), Chapter 8]. It is involved, with CTP re-

placing ATP, in the synthesis of many phospholipids, and, most often
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with UTP, in the assembly of polysaccharides. In the latter case, however,

the X–OH reactant is a sugar phosphate of which only the sugar group

is transferred, while the phosphate group accompanies the leaving UMP,

which thus appears as UDP.

A particularly important variant of the mechanism operates in the

synthesis of RNA, in which the X–OH reactant is the growing RNA chain

and donation of the NMP group (from any one of the four NTPs (ATP, GTP,

CTP, or UTP) in reaction (6) actually completes the synthesis (see below,

Figure 7.2). The same process serves in DNA synthesis, with deoxyribose

derivatives instead of ribose derivatives.

The mechanism dependent on pyrophosphorylation is used infre-

quently. Its two main applications are in the synthesis of nucleotides

and in that of terpenes (with, as activated intermediate, phosphoribosyl

pyrophosphate in the first case and isopentenyl pyrophosphate2 in the

second. (See below, Figure 10.3).

The beauty of the biological mechanisms just outlined lies in their

centralization. A single reaction, the splitting of ATP to ADP and inor-

ganic phosphate, ends up supporting any number of biosynthetic assem-

bly processes. And this is not all. In addition to dehydrating condensa-

tions, a number of other metabolic reactions are likewise provided with

energy by special mechanisms involving the splitting of one of the py-

rophosphate bonds of ATP. As we shall see later, certain reactions known

as biosynthetic reductions may also be fueled by ATP.

Other functions, besides straightforward energy transfers, are sup-

ported by ATP. Thus, it happens fairly frequently that substances undergo

phosphorylation by ATP before entering metabolism. This process pro-

vides the substances with an electrically charged “handle” (the phosphate

group is electronegative) that may help in positioning them correctly

on the enzymes that act on them. Cellular signaling, which, especially

in higher organisms, plays an extremely important role in regulation,

also depends in a number of different ways on the splitting of ATP (or

of GTP). Remembering that ATP splitting also fuels most other energy

2 The pyrophosphoryl group of isopentenyl pyrophosphate is not acquired by pyrophos-
phoryl transfer, but by two successive phosphoryl transfer reactions.
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transducers, we arrive at the conclusion that, with a few minor exceptions,

which will be mentioned later, all biological energy expenditures are, in

the last analysis, supported by the hydrolysis of ATP to ADP and inor-

ganic phosphate, one of the most noteworthy singularities offered by life

today.

ATP is not stored in sizable amounts by living cells and cannot be

obtained from the environment. Thus, cells must continually regenerate

the ATP they spend to pay their energy bills, by recombining ADP with

inorganic phosphate. This process requires energy (a minimum of 14 kcal,

or 59 kJ, per gram-molecule, as we have seen). As will be explained in the

next two chapters, a small number of specialized reactions couple ATP

assembly either to the use of light energy or with some energy-yielding

physical or chemical process. But before getting to that, we must address

the key question: Why ATP? The question may be divided into two: Why

P? Why A? What caused those two substances to be singled out to become

such central participants in the development of life?

Why Phosphate?

In 1987, the American biochemist Frank Westheimer published a widely

noted article entitled “Why nature chose phosphates” (Westheimer,

1987). In it, he detailed in perceptive fashion the many properties that

make the phosphate molecule uniquely adapted to its numerous biolog-

ical functions, not only in energy transfers, but also in the construc-

tion of such central substances as nucleic acids and phospholipids and

in that of many important metabolic intermediates. But Westheimer did

not address the question “How did nature choose phosphates?” Unless

one believes in intelligent design, fitness does not account for use, except

through a process of selective optimization. But phosphate must have en-

tered metabolism before replication and its correlates, mutation and selec-

tion, came on the scene, presumably with RNA. There must be a chemical

explanation for nature’s choice of phosphates. As I have discussed else-

where (de Duve, 1991, 2001), this explanation is far from obvious.

It cannot be a question of abundance. Phosphate is not a very com-

mon mineral constituent on Earth, and most of it is tied up in insoluble
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combinations with calcium, such as apatite. The phosphate concentra-

tion in the oceans and freshwaters is very low, on the order of 0.3 �M or

lower, which amounts to some 30 �g/L or less. This scarcity often makes

the phosphate concentration a limiting factor in the proliferation of mi-

croorganisms, as was revealed by the dramatic increase in this prolifera-

tion, or eutrophication, observed in many bodies of water after phosphate

was added to cleansing agents (now prohibited for this reason).

The rarity of phosphate is such that certain workers have even sug-

gested that it may not have played any role in early prebiotic chemistry

(Keefe and Miller, 1995). However, things could have been different be-

fore the appearance of life, which may have been largely responsible for

the formation of apatite (Gedulin and Arrhenius, 1994). Also, the phos-

phate content of prebiotic waters could have been higher than it is today

if those waters were more acidic (de Duve, 1991).

A possible clue is provided by the fact that some of the functions

of ATP are carried out by inorganic pyrophosphate in certain present-

day organisms. This finding has prompted the proposal, vigorously de-

fended by the Swedish couple Margaret and Herrick Baltscheffsky (1992),

that, in the origin of life, ATP was preceded by inorganic pyrophos-

phate as provider of usable pyrophosphate bonds. Another entity that

could have played such a role in nascent life is polyphosphate, which

is composed of many phosphate molecules linked by pyrophosphate

bonds. It is present in all forms of life, acts as a reserve of pyrophos-

phate bonds, and probably also has regulatory functions (Kulaev, 1979;

Kornberg et al., 1989). Both pyrophosphate (pyr means fire in Greek)

and polyphosphates have been detected in volcanic emissions (Yamagata

et al., 1991) and could have served as a source of energy for early life.

But they are very rare in the present-day world, suggesting that life

may have started in a volcanic setting. I will come back to this point

later.

An interesting contribution to the problem has been made by the

Swedish–American chemist Gustaf Arrhenius and his coworkers, who

have observed that protonated phosphate salts, as opposed to the

unprotonated apatite, readily condense to pyrophosphate and higher-

chain-length polyphosphate when heated at temperatures as low as 250◦C
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(Arrhenius et al., 1993; Gedulin and Arrhenius, 1994). They have further

found that certain layered minerals, such as hydrotalcite, a mixed hydrox-

ide of magnesium and aluminum, have the ability to soak up phosphate

compounds from very dilute solutions and to concentrate them up to su-

persaturated levels in the aqueous spaces that separate the mineral layers.

In this way, the minerals can catalyze certain reactions involving phos-

phate compounds, including the phosphorylation of organic molecules

(Pitsch et al., 1995; Kolb et al., 1997).

Whatever the explanation, nature’s “choice” of phosphates can hardly

have been a gift of chance. It must have been a consequence of the

physical–chemical conditions that made up the cradle of life. This req-

uisite puts a severe limit on those conditions and should serve as a guide

in our attempts to identify them.

Why Adenosine?

As already mentioned, adenosine, denoted A, is a nucleoside. It consists of

two components: a nitrogenous substance, or base, called adenine, and

a five-carbon sugar, or pentose, called ribose. The phosphate of AMP is

attached to the ribose moiety of the molecule. Other nitrogenous bases

similarly combine with ribose to form G, C, and U, which replace A in

certain reactions and, together with it, serve in the formation of RNA. As

will be discussed in Chapter 7, the prebiotic appearance of these bases

can probably be explained by relatively simple reactions involving hy-

drogen cyanide (HCN), a typical product of cosmic chemistry, as major

reactant.

Ribose raises a thornier problem, not so much the synthesis of this

sugar, which can take place from as simple a substance as formaldehyde

(H2CO, also a typical product of cosmic chemistry), but its separation

from the many other sugars that form at the same time and, as already

mentioned (see Chapter 2), the question of chirality. Ribose is a chiral

molecule. The stereoisomer of the sugar in adenosine is the levorotatory

D-ribose.

The selective biological use of D-ribose has been the object of much

work and speculation, largely because of the overriding interest of
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investigators in the synthesis of RNA. Preferential formation of this sugar

has been considered, and some progress has been made in the identifica-

tion of a chemical mechanism that could have led to this (Eschenmoser,

1999). Alternatively, there is the possibility that, for some hidden chem-

ical reason, D-ribose was preferentially utilized in the assembly of adeno-

sine and other nucleosides. Of interest in this respect is the observation

that borate, probably an abundant component of prebiotic waters, exerts

a strong stabilizing effect on ribose (Prieur, 2001; Ricardo et al., 2004)

and even catalyzes the combination of this sugar with adenine, forming

adenosine, in an aqueous medium (Prieur, 2001).

Whether effects of this sort suffice to explain the selective use of

D-ribose remains to be seen. Living organisms contain many different

sugars, including three other pentoses in addition to ribose, namely ara-

binose, xylose, and lyxose. It could, therefore, be that the early chemistry

gave rise to a great variety of sugars and that D-ribose acquired its unique

function for reasons that had little to do with its relative abundance or

special qualities. It is significant, in this respect, that the four pentoses

formed in equal amounts and were similarly stabilized by borate when

glyceraldehyde was allowed to react with glycolaldehyde at alkaline pH

in the presence of calcium ions (Ricardo et al., 2004).

It could even be that other sugars besides ribose joined with adenine

and with other bases. As already pointed out, one hardly sees how the

kind of crude chemistry that must have been operative in prebiotic days

could have been so specific as to produce just those substances that are

found to have a function in present-day life. It seems more likely that life

started with a gemisch of many different molecules of similar structure

and that those that are found in living organisms emerged by subsequent

selection. This key notion has already been mentioned in connection with

the selection of enzymes (see Chapter 3). I shall return to it several times.

However complex the mixture of sugars and of bases incipient life

had available, an explanation must be found for the joining of sugars

with bases. We have seen that borate could have played a catalytic role in

this reaction (Prieur, 2001). An involvement of the pyrophosphate bond

is also conceivable. A remarkable feature of present-day metabolism is rep-

resented by the close interrelationships between sugars and phosphate.
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With rare exceptions, sugars such as glucose, fructose, and galactose

enter metabolism via a phosphorylation step supported by ATP. Their

subsequent processing by way of metabolic pathways such as the gly-

colytic chain most often involves phosphorylated intermediates. Also, the

association of sugars with one another or with other substances, including

adenine and other bases, invariably uses molecules that are activated by

combination with phosphate, pyrophosphate, or some other phosphate

compound.

These facts suggest the existence of an early cauldron in which sugars

interacted with pyrophosphate compounds and with nitrogenous bases

to produce a variety of sugar phosphates, nucleosides, and more com-

plex derivatives, including ATP and its analogues. The substances that

ended up playing an important metabolic role – in particular serving in

the synthesis of RNA – emerged from this mixture by selection, as al-

ready suggested. Identifying the conditions under which such reactions

could have taken place with the sole help of prebiotically available cata-

lysts (multimers?) raises one of the most challenging problems for future

research.



P1: ICD
052184195Xc05.xml CB804-De Duve 0 521 84195 X June 29, 2005 5:39

5 Electrons and Protons

ATP, the subject of the preceding chapter, is often called the “fuel of life.”

This is a misnomer. ATP is no more than an intermediary between the pro-

vision and the use of energy. What really fuels life is the fall of electrons

from a higher to a lower energy level. The mechanisms underlying such

energy-yielding electron falls and the associated assembly of ATP repre-

sent the heart of bioenergetics. Only their essential lineaments will be

outlined in this chapter. More details can be found in standard textbooks

and in previous publications (de Duve, 1984, 2001).

Energetics of Electron Transfer

Almost invariably, the assembly of ATP from ADP and inorganic phos-

phate is coupled to the transfer of one or two electrons between two

substances, called the electron donor and acceptor for obvious reasons.

In such transfers, the donor passes from the reduced (electron-rich) state

to the oxidized (electron-poor) state, while the acceptor passes from the

oxidized to the reduced state. In the reverse reaction, the reduced acceptor

becomes the donor, and the oxidized donor the acceptor. This explains

why such electron transfers are called oxidation–reduction reactions (re-

dox reactions for short), and the substances involved in them are called

41
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redox couples because of their ability to exist in both reduced and oxidized

form.

It often happens that protons (hydrogen ions, H+) accompany the

transferred electrons, so that hydrogen atoms (H = H+ + electron), rather

than naked electrons, are transferred (transhydrogenation). Sometimes,

hydrogen atoms are donated and only electrons accepted, or vice versa.

In the former case, the protons left over by the transfer are released into

the surrounding water, rendering the medium more acid. In the opposite

case, the required protons are taken from the surrounding water and the

medium becomes more alkaline.

Redox couples, generally represented as reduced form/oxidized form

(for example, Fe2+/Fe3+, H2/2 H+, or lactate/pyruvate), are characterized

by their redox potential, which is a measure, expressed in volts, of the ten-

dency of the reduced form of the couple to release electrons or, reversing

sign, of the avidity of the oxidized form for electrons. By convention,

redox potentials are measured against the H2/2 H+ couple, taken by defi-

nition to have a redox potential of zero under standard conditions. Redox

couples of higher reducing power, that is, that spontaneously donate elec-

trons to this hydrogen standard, have a negative redox potential. The op-

posite is true of couples of greater oxidizing power, which spontaneously

accept electrons from the hydrogen standard.

The redox potential defines the energy level at which electrons are

given out by the reduced form or accepted by the oxidized form of a

given redox couple. The rule is that electrons fall spontaneously from a

higher to a lower energy level, that is, move from the reduced form of

the couple having the more negative, or less positive, redox potential to

the oxidized form of the couple with the less negative, or more positive,

redox potential. Such an electron transfer releases energy in an amount

proportional to the difference between the two redox potentials and to

the number of electrons transferred. For this energy to be equal to the

bioenergetic unit of 14 kcal, or 59 kJ, per gram-molecule (see the section

“Life’s Jack of All Trades’’ in the preceding chapter), the potential differ-

ence must be at least 600 mV for single-electron transfers and 300 mV if

the electrons travel in pairs.



P1: ICD
052184195Xc05.xml CB804-De Duve 0 521 84195 X June 29, 2005 5:39

ELECTRONS AND PROTONS 43

In other words, to be able to power the assembly of one ATP molecule

from ADP and inorganic phosphate, a single electron must fall down a

potential difference of at least 600 mV. The minimum difference is 300 mV

if, as is often the case, pairs of electrons are transferred. For the reverse

reaction by which electrons are lifted to a higher energy level with the

help of ATP, these potential differences represent the maximum energy

boost electrons may gain, singly or in pairs, from the hydrolysis of one

ATP molecule.

Bioenergetic Functions of Electron Transfers

Not all biological electron transfers play a bioenergetic role. Many take

place in the course of metabolism and are governed by the simple ther-

modynamic rule that the donation of electrons must occur at a higher

energy level than their acceptance. The difference in redox potential is

often small, however, so that the transfers are readily reversed by an ap-

propriate change in reactant concentrations.

When electron transfers serve to support life energetically by way of

ATP, what is needed, as we have just seen, is an electron donor and an

electron acceptor separated by a redox potential difference of at least

600/n mV (n being the number of electrons transferred), together with

a catalytic system capable of mediating the transfer of electrons between

donor and acceptor in a manner – the technical term is coupling – such

that ATP is obligatorily assembled from ADP and inorganic phosphate.

ATP, as we have seen, will do the rest, or almost. These requirements, rep-

resented schematically in Figure 5.1, are met differently in heterotrophic

and autotrophic organisms.

As illustrated in Figure 5.2, heterotrophic organisms, which depend on

other living organisms for their survival (heteros means “other” in Greek),

derive their electron donors from food. Their final electron acceptor is

most often molecular oxygen (O2), which accepts four hydrogen atoms

(electrons + protons) to form two molecules of water:

O2 + 4 (−) + 4 H+ −→ 2 H2O (1)
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Figure 5.1. The source of biological energy. With very rare exceptions, the cou-
pled assembly of ATP from ADP and inorganic phosphate is supported by the fall of
electrons from a higher to a lower energy level. The splitting of ATP into ADP and
inorganic phosphate, in turn, powers most forms of biological work (see Chapter 4).
For the coupling to be thermodynamically feasible, the difference between the two
energy levels (redox potentials) under physiological conditions must be equal to at
least 600/n mV, n being the number of electrons transferred (1 or 2). Up to four
such “electron falls,” each coupled to the assembly of one ATP molecule, may take
place in succession, for example when an electron pair travels from an aldehyde or
�-keto acid to molecular oxygen (redox potential difference ≈1500 mV). This core
mechanism operates in four different modes (see Figures 5.2 to 5.5), depending on
the source and fate of the electrons.

Such is the case for all fungi, plants in the dark, and animals, ourselves

included, and for many single-celled organisms, prokaryotic as well as

eukaryotic. All these organisms belong to the group known as aerobic

(living in air). They take maximum advantage of their environment in

that the water/oxygen couple occupies the lowest energy level available

to life.1

Some heterotrophic prokaryotes use an electron acceptor other than

oxygen, for example, ferric iron (Fe3+), which is reduced to ferrous iron,

(Fe2+), or elementary sulfur (S), which is reduced to hydrogen sulfide

(H2S). In the special case of anaerobic (without oxygen) fermentations,

such as alcoholic or lactic fermentation, no outside electron acceptor is

1 Strictly speaking, hydrogen peroxide (H2O2) is a stronger oxidant than oxygen, but its
generation (by electron transfer to oxygen by type II oxidases) is essentially biological.
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Figure 5.2. Energetics of heterotrophy. The core mechanism of Figure 5.1 is fed
electrons at a high energy level by organic foodstuffs and returns the electrons at a
low energy level to an outside acceptor, most often oxygen.

used at all. The acceptor arises from the donor by metabolism and is ex-

creted in reduced form, for example, ethanol or lactate (see Figure 5.3).

In contrast to heterotrophs, autotrophic organisms are self-sufficient

(autos means “self” in Greek), in the sense that they can survive in the

absence of other forms of life. This prerogative is obtained at considerable

energetic cost over and above the needs of heterotrophic life. Autotrophs

not only have the same ATP needs as heterotrophs, similarly covering

these needs by assembly reactions coupled to the fall of electrons from

a higher to a lower level of energy, they must, in addition, manufacture

all their constituents from simple substances of nonbiological origin, us-

ing carbon dioxide (CO2) as a source of carbon, water (H2O) as a source

of hydrogen, nitrate (NO3
−) or, sometimes, ammonia (NH3), as a source

of nitrogen, sulfate (SO4
2−) or some other sulfur-containing mineral as a

source of sulfur, and so on. Most of these building blocks are highly oxi-

dized. Their conversion into organic molecules requires many reductions
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Figure 5.3. Energetics of fermentation. The core mechanism of Figure 5.1 is fed elec-
trons at a high energy level by organic foodstuffs, as in all forms of heterotrophy (see
Figure 5.2), but without the participation of an outside electron acceptor. The spent
electrons are transferred to a metabolically generated acceptor, which is excreted in
reduced form, making up the product of fermentation (for example, ethanol or lactic
acid).

(biosynthetic reductions) and, therefore, a large supply of energy-rich

electrons that are not needed for this function by heterotrophic organ-

isms.2 Such energy-rich electrons are not found in nature. Derived from

low-energy sources, they must be actively lifted to the required energy

level.

There are essentially two forms of autotrophy: chemotrophy and pho-

totrophy. Chemotrophs, which are present only in the prokaryotic world,

resemble heterotrophs in that they receive electrons at a high energy level

from outside donors and return the electrons at a low energy level to

an outside acceptor, most often oxygen (see Figure 5.4). The electrons,

however, are provided not by organic foodstuffs but by simple inorganic

2 Heterotrophic organisms do effect a small number of biosynthetic reductions. The con-
version of ribose to deoxyribose and the formation of fatty acids from carbohydrates are
conspicuous examples.
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Figure 5.4. Energetics of chemotrophy. This mechanism functions like heterotrophy
(see Figure 5.2), except that the electrons are provided by a mineral donor and that
only part of them are transferred to an outside acceptor with the coupled assembly
of ATP. The remaining electrons are used for biosynthetic reductions. In order to be
able to perform this function, the electrons must be lifted to a higher energy level
than is attained by the outside donors. This necessary energization is supported
by ATP.

substances, for example, hydrogen sulfide. In addition, in order to satisfy

the requirements of autotrophy, the organisms divert some of the elec-

trons thus gained to cover biosynthetic reductions, first lifting the elec-

trons to the necessary energy level with the help of ATP. Many forms of

chemotrophy exist, depending on the nature of the electron donors and

acceptors used. A special, particularly simple mode of chemotrophy is

carried out by methane-producing prokaryotes. Known as methanogens,

these organisms use molecular hydrogen (H2) as electron donor and

carbon dioxide (CO2) as acceptor, to produce methane (CH4) and water

(H2O), with the coupled assembly of ATP.
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Figure 5.5. Energetics of phototrophy. The core mechanism of Figure 5.1 functions
without either outside electron donor or outside electron acceptor; it is entirely
powered by light energy, which lifts spent electrons back to a high energy level
(cyclic photophosphorylation). Outside electrons (most often provided from water,
with formation of molecular oxygen) are required for biosynthetic reductions, as in
chemotrophy (see Figure 5.4). As in chemotrophy, these electrons require an addi-
tional energy boost from ATP to be utilizable.

Phototrophs function like chemotrophs except that they have the

ability, dependent on the presence of the green pigment chlorophyll, to

lift electrons to a high energy level with the help of light energy. They

can thus power ATP assembly without the participation of outside elec-

tron donors or acceptors (see Figure 5.5), simply by recycling the same

electrons endlessly with the help of light (cyclic photophosphorylation).

Phototrophs do, however, need outside electrons to support biosynthetic

reductions. In lower photosynthetic bacteria, the donor is some reduced

mineral, as in chemotrophs, or sometimes even an organic compound,

thus combining heterotrophy and phototrophy. In the higher photo-

synthetic organisms, including all green plants, the donor is water, with
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release of molecular oxygen [reaction (1) reversed]. After light activation,

the electrons need an additional energy boost supported by ATP to serve

for biosynthetic reductions, as in chemotrophs.

In summary, life derives the electrons it needs from at least one of

three sources: organic foodstuffs, mineral substances, and water. In all

organisms that are unable to use light energy (including phototrophs in

the dark), the electrons used for ATP assembly are returned to the environ-

ment by transfer to an acceptor of lower energy level, most often oxygen,

but in rare cases in combination with a metabolically generated acceptor

(fermentations). Illuminated phototrophic organisms satisfy their energy

needs without any outside electron donor or acceptor, relying for ATP

assembly on the cycling of chlorophyll electrons between ground and ac-

tivated level with the help of light energy. In addition, all autotrophs need

outside electrons to support biosynthetic reductions. These electrons are

never supplied at a high enough level of energy for immediate use. (In

most cases, they are supplied at what may be termed bottom level, that

of the water/oxygen couple.) The electrons are lifted to the energy level

required for biosynthetic reductions either with the exclusive help of ATP

splitting (chemotrophs) or with the help of light energy supplemented at

the upper step by ATP splitting (phototrophs).

Catalysts

Consonantly with the crucial role of electron transfers in the economy

of all living organisms, catalysts of such transfers make up an important

fraction of any cell’s enzymatic endowment. (The other major group is

involved in group transfers; see Chapter 4.)

Electron-transfer machineries include not only enzymes, but also a

number of cofactors, or coenzymes, that participate as electron carriers in

the transfers mediated by the enzymes. Some of these coenzymes are uni-

versally distributed and may go back to very early days in the origin of life.

Among them are substances known to biochemists under the acronyms

NAD, NADP, FMN, and FAD, which consist of nitrogenous bases (N stands

for nicotinamide, F for flavin) engaged in nucleotide-like combinations.

Other electron carriers include quinones; iron–sulfur proteins; metal ions

such as iron, manganese, and copper; and cytochromes. Cytochromes
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belong to the group of hemoproteins, which includes hemoglobin (the

oxygen carrier of vertebrate blood) and a number of important enzymes.

One such enzyme, cytochrome oxidase (appropriately called the “respira-

tory enzyme” by its discoverer, Otto Warburg), occupies a special place as

the main oxygen consumer of the living world.

As will be seen in Chapter 11, electron carriers are often associated in

complex chains embedded in the fabric of a membrane.

Coupling Mechanisms

Electron transfers are bioenergetically useful only if they are coupled to

ATP assembly, that is, follow a pathway such that the electrons can pass

from donor to acceptor only if ADP and inorganic phosphate join into

ATP. Note that some of these coupled transfers are reversible and thus

can, in the reverse direction, support the uphill transfer of electrons with

the help of ATP splitting. This process, as we have seen, typically supports

biosynthetic reductions.

Coupling mechanisms are highly complex and will be examined in

separate chapters. Let it simply be mentioned that there exist two main

such mechanisms. By far the most important one, from the quantita-

tive point of view, involves an entity known as protonmotive force. The

machinery involved in this process is obligatorily housed in the matrix

of a membrane. We shall devote a special chapter to its description (see

Chapter 11).

The second type of coupling mechanism is of minor importance quan-

titatively. Qualitatively, however, it is at least as important as the first,

being universally distributed and involved in some of the most central

and, probably, most ancient metabolic systems, including the glycolytic

chain and the Krebs cycle. This mechanism involves thioesters, the topic

of the next chapter.

The First Electron Transfers

When did electron transfers start playing a role in protometabolism,

and what were the earliest mechanisms involved? These fundamental
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questions have rarely been addressed and, when addressed, have received

conflicting hypothetical answers. These can be grouped into two cate-

gories, depending on the favored direction of the first electron transfer

reactions.

We have seen in Chapter 1 that many of the building blocks of life arise

spontaneously in outer space and could have provided the first materials

for the origin of life on Earth, together, perhaps, with substances synthe-

sized locally by the kind of processes Miller and others have tried to re-

produce in the laboratory. This possibility, embodied in the so-called het-

erotrophic theory of the origin of life, implies that some of these products

of cosmic and prebiotic Earth chemistry acted as the first electron donors,

the way foodstuffs do in heterotrophs today, and that the electrons were

caught by some mineral acceptors, though most probably not oxygen,

which is generally taken to have been present in only trace amounts in

the prebiotic atmosphere (see Chapter 16).

The postulated electron transfers would have required catalysts. But

this does not raise insuperable difficulties. A number of metal ions, min-

eral iron–sulfur complexes (Cammack, 1983), or my hypothetical multi-

mers could have done the job. A more challenging and totally unanswered

question is how energy released by electron transfers first came to be use-

fully exploited by emerging life. We have seen in the preceding chapter

that ATP and other NTPs presumably appeared early in protometabolism.

They must have done so if they served as precursors in the first synthesis

of RNA. But a connection between electron transfer and ATP is hardly

evident. It seems unlikely that the kind of complex systems dependent

on protonmotive force that operate today could have arisen, even in rudi-

mentary form, in the early days of the development of life. A much more

likely hypothesis is that the first couplings between electron transfer and

ATP assembly occurred by way of thioesters. This topic will be covered in

Chapter 6.

The heterotrophic theory of the origin of life is not unani-

mously accepted. Two investigators in particular, the German Günter

Wächtershäuser (1998) and the American Harold Morowitz (1999), have

vigorously advocated, though independently and on different premises,

the notion that life started in an autotrophic manner. They both see this
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development as having taken place progressively around the Krebs cycle

acting in reverse, that is, reductively. Leaving out details, a feature com-

mon to both theories – and to any other autotrophic theory of the origin

of life – is that the first electron transfers must have taken place in the

reductive direction, that is, from some energy-rich, environmental elec-

tron donor to some oxidized, biogenic acceptor, such as CO2. Morowitz

makes no special proposal concerning the nature of the donors, beyond

identifying them tentatively as “simple reductants, such as formate and

H2S, or CH3SH.” Wächtershäuser, on the other hand, has considered two

possibilities. In his first works, he identified the conversion of sulfide to

disulfide as the electron-donating process:

2 S2− −→ S2
2− + 2 (−) (2)

This reaction, which in itself is not very favorable thermodynamically,

is taken to be driven by the presence of ferrous ions (Fe2+), which trap the

generated disulfide in the form of the highly insoluble ferrous disulfide,

(FeS2), the constituent of the mineral pyrite (fool’s gold), which is assumed

to catalyze the reaction. Experiments have shown that this process can

indeed function as proposed.

The second process conjectured by Wächtershäuser, also confirmed

experimentally, postulates carbon monoxide as electron donor, forming

carbon dioxide. The interest of this reaction is that it can serve as con-

densing mechanism at the same time:

CO + X-OH + Y-H −→ CO2 + X-Y + 2 (−) + 2 H+ (3)

The catalyst, in this case, consists of a mixture of ferrous and nickel sul-

fides, FeS/NiS. These reactions form the core of Wächtershäuser’s “iron–

sulfur world,” a set of processes of increasing complexity assumed to have

taken place in a volcanic setting, on the surface of pyrite crystals.

A number of workers have envisaged the possibility that light may, one

way or the other, have served to power an autotrophic beginning of life.

Besides including few details concerning the mechanisms involved in the

harnessing of light energy and in the development of the first metabolic

reactions, such proposals suffer from the basic defect that they rely, by
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definition, on an intermittent supply of energy. How the processes could

have survived regular periods of darkness has not been addressed.

Future work will perhaps help clarify these fascinating problems. At

present, the main weakness of the autotrophic theory seems to me to be

that it fails to take into consideration the possible contributions of cosmic

(and terrestrial prebiotic) chemistry. As argued in Chapter 1, the fact that

so many of the basic building blocks of life arise spontaneously can hardly

be attributed to a meaningless coincidence. In particular, it does not seem

logically justified to ignore the possible cosmic (and prebiotic) origin of

the first amino acids and to attribute their formation instead to amination

reactions grafted on a primordial Krebs cycle.

The fact remains that autotrophy must have been developed at the lat-

est when the supply of organic chemicals became exhausted. This means

that, by that time, some system must have been developed, not only for

energy generation by downhill electron transfer, but also for powering the

uphill electron transfers required for the reduction of carbon dioxide and

the other mineral precursors of biological molecules. As I have advocated

for more than fifteen years, a possible answer to both this and the former

question lies in one word: thioesters. The point is sufficiently important

to deserve a separate chapter.
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Thioesters are the products of the dehydrating condensation of a

carboxylic acid (R′–COOH) and a thiol (R′–SH):

R-C-OH + R′-SH         R-C-S-R′ + H2O

O O

(1)

The CO–S bond is called the thioester bond. Its energy value is equal

to that of the pyrophosphate bond. This means (see “Life’s Jack of All

Trades” in Chapter 4) that reaction (1), like ATP assembly from ADP and Pi,

requires about 14 kcal, or 59 kJ, per gram-molecule to take place in living

cells. Its reversal, thioester hydrolysis, releases the same amount of energy.

Thioesters stand out by their metabolic position as reversible bridges

between electron transfers (Chapter 5) and group transfers (Chapter 4).

They are truly unique in this respect, offering one of the most noteworthy

singularities displayed by life. Their essential properties will be briefly

summarized in this chapter. Readers wishing for more details are referred

to my previous publications on the topic (de Duve, 1991, 1998, 2001).

Thioesters and Electron Transfers

The thiol group plays a central role in the biological oxidation of carbonyl

(=C=O) to carboxyl (–COOH) groups. Two main types of such reactions

54
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are known. In one type, an aldehyde is oxidized to the corresponding acid:

R-C-H + H2O         R-C-OH + 2 (−) + 2 H+ 

O O

(2)

The other type of reaction is the oxidative decarboxylation of an �-keto

acid:

R-C-C-OH + H2O          R-C-OH + CO2 + 2 (−) + 2 H+ 

O OO

(3)

In the biological versions of these reactions, the electrons released

are donated to NAD, which accepts electrons roughly 300 mV above the

potential (that is, below the energy level) at which they are donated by

the carbonyl donors. It follows (see “Energetics of Electron Transfer” in

Chapter 5) that, with NAD as electron acceptor, reactions (2) and (3) re-

lease an amount of energy on the order of the bioenergetic unit of 14

kcal, or 59 kJ, per gram-molecule [somewhat more for reaction (3) than

for reaction (2)].

A key feature of these electron transfers when they take place in living

cells is that a thiol belonging to the cells’ catalytic machinery (R′–SH)

substitutes for water, so that a thioester is formed instead of the free

acid:

R-C-H + R′-SH          R-C-S-R′ + 2 (−) + 2 H+ 
O O

(4)

R-C-C-OH + R′-SH          R-C-S-R′ + CO2 + 2 (−) + 2 H+ 

O O O

(5)

Some simple bookkeeping will show that reaction (4) equals the sum

of reactions (2) and (1), and that reaction (5) equals the sum of reactions

(3) and (1). In other words, the energy released by the electron transfers

[reactions (2) and (3), with NAD as electron acceptor] is used to create a

thioester bond between the acid product of the reaction and the partici-

pant thiol [reaction (1)].
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R-C-H

O

R-C-S-R′

H-S-R′

O

H-S-R′

NAD+

NAD-H + H +

(Electron [hydrogen] transfer)

H-O-P-O−

O

O−

R-C-O-P-O−

O

O

O

O−

O−

R-C-O−

O

A-O-P-O-P-O−

OO

O−O−

A-O-P-O-P-O-P-O−

OO

O−O−

(Phosphoryl transfer)

(Acyl transfer)

Figure 6.1. Thioester-mediated coupling between the oxidation of an aldehyde and
ATP assembly. In the first step, the aldehyde and the thiol jointly donate a pair
of hydrogen atoms (two electrons and two hydrogen ions) to the oxidized form of
the coenzyme NAD, with the resulting formation of a thioester and the reduced
form of NAD. This reaction corresponds to reaction (4) in the text. Its crucial role
is to create an energy-rich bond (the thioester bond) with the help of an electron
transfer; it conserves in this bond the energy released by the electron transfer,
which occurs across a redox potential difference on the order of 300 mV. The other
two reactions show the assembly of ATP from ADP and inorganic phosphate at the
expense of the splitting of the thioester bond, by sequential group transfer. They
correspond to the reverse of the scheme shown in Figure 4.1, with a carboxylic
acid as X–OH and an acyl phosphate as double-headed intermediate. Note the
pathway of the oxygen atom from inorganic phosphate to the carboxyl group of
the acid.

The importance of such processes can hardly be overestimated. They

allow the direct formation of a chemical bond with the help of energy

released by electron transfer. The significance of this singularity is enor-

mously enhanced by the fact that thioesters can support the reversible
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Figure 6.2. Thioester-mediated coupling between the oxidative decarboxylation of
an �-keto acid and ATP assembly. The process takes place as in the case of an
aldehyde (Figure 6.1), except that the first step corresponds to reaction (5). The
other steps are identical.

assembly of ATP by sequential group transfer (using the reverse of the

process illustrated in Figure 4.1, with a carboxylic acid as X–OH reactant).

Written in shorthand,

R-CO-S-R′ + Pi −→ R-CO-P + R′-SH (6)

R-CO-P + ADP −→ R-COOH + ATP (7)

R-CO-S-R′ + Pi + ADP −→ R-COOH + R′-SH + ATP (8)

Putting together reaction (4) or (5) with reactions (6) and (7),

we have the diagrams of Figures 6.1 and 6.2, which show explicitly
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how the thioester mechanism allows coupling between energy-yielding

electron transfers and ATP assembly by means of straightforward chem-

ical reactions catalyzed by soluble enzymes, without the participation

of complex membrane-embedded systems dependent on protonmotive

force (see Chapter 11). The described processes are known as substrate-

level phosphorylations, as opposed to the carrier-level phosphorylations

involving protonmotive force. These appellations are understandable in

that the reaction substrates are directly involved in the thioester mech-

anisms, whereas protonmotive force is generated by the transfer of elec-

trons between electron carriers.

In present-day life, thioester-dependent couplings account for only a

minor fraction of total ATP generation, as compared to the mechanisms

dependent on protonmotive force; but they happen to be directly asso-

ciated with the very heart of metabolism, namely the glycolytic chain

and the Krebs cycle, which most likely belong to some of the earliest

metabolic reactions that supported nascent life. This is shown in highly

diagrammatic form in Figure 6.3.

As seen in Figure 6.3, three thioester-mediated systems are directly

associated with the metabolic processes. In the first one, the oxidation

of phosphoglyceraldehyde to phosphoglycerate, with NAD as electron

acceptor, is linked with the assembly of ATP. It takes place by the mecha-

nism of Figure 6.1, the thiol R′-SH being provided by a cysteine residue of

the enzyme protein. Note that this reaction represents the sole energetic

benefit cells derive from the anaerobic fermentation of glucose. In this

process, pyruvate serves as electron acceptor in the reoxidation of NADH,

to form either lactate or ethanol and CO2, which are excreted as the final

fermentation products.

The two other systems, associated with the oxidative decarboxylation

of pyruvate on one hand, and of �-ketoglutarate on the other, follow the

mechanism outlined in Figure 6.2, with, as thiol, a substance known as

coenzyme A. We shall see later the structure of this molecule, which will

be represented provisionally simply as CoA–SH. Not shown in the figure is

the intervention of an additional substance, called lipoic or thioctic acid,

an eight-carbon carboxylic acid bearing two thiol groups, which can suffer
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CITRATE OXALOACETATE

ATP

ADP + Pi

PYRUVATE

PHOSPHOGLYCERATE

PHOSPHOGLYCERALDEHYDE

1/2 GLUCOSE

NAD+

NAD+

NADH + H+

NADH + H+

CO2

CO2

CO2

α-KETOGLUTARATE SUCCINATE

GDP + Pi GTP

ATP

ADP + Pi
ACETATE + CO2 

NAD+

NADH + H+

Figure 6.3. The heart of metabolism. The diagram shows in abbreviated form the two
central metabolic processes that occur in the vast majority of living organisms: above
from glucose to pyruvate, the glycolytic chain; below, the Krebs cycle. The three
shaded boxes represent three thioester-mediated coupling mechanisms. The first
one functions according to the scheme of Figure 6.1; the other two, according to the
scheme of Figure 6.2 (G replacing A in the third one). Note that two outlet systems
are depicted for the middle thioester system. Either acetate and CO2 are formed,
with coupled assembly of ATP, or the acetyl group is combined with oxaloacetate to
form citrate, initiating the Krebs cycle. Additional details are given in the text.
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oxidation to the corresponding disulfide (S–S):

CH2-CH2-CH-CH2-CH2-CH2-CH2-COOH

SH SH

CH2-CH2-CH-CH2-CH2-CH2-CH2-COOH + 2 (−) + 2 H+

S –––––––– S

(9)

In simpler notation,

––––– COOH           ––––– COOH   + 2 (−) + 2 H+

SH SH S—S

In the oxidative decarboxylation of �-keto acids (which also requires

another coenzyme, thiamine pyrophosphate, or TPP, a derivative of vita-

min B1), the oxidized form of lipoic acid serves as electron acceptor and,

at the same time, as acceptor of the resulting acyl group:

R-CO-COOH + ––––– COOH           ––––– COOH + CO2

SH S-CO-R  S—S
(10)

In a subsequent step, the acyl group is transferred to the thiol group of

coenzyme A:

––––– COOH + CoA-SH          ––––– COOH + CoA-S-CO-R

SH  SH  SH  S-CO-R  

(11)

Sum reactions (10) and (11), and you find that lipoic acid has changed

from the oxidized to the reduced form and that coenzyme A has become

the carrier of the acyl product of the reaction. Note that the reduced lipoic

acid is reoxidized, ready for another round, by transfer of the electrons to

NAD:

––––– COOH + NAD+           ––––– COOH + NADH + H+

SH SH S—S

(12)

NAD thus ends up accepting the electrons released, as shown in the

diagram of Figure 6.3.

The unique role of lipoic acid deserves to be emphasized. It truly em-

bodies the quintessence of thioester biochemistry in that it joins, in a
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single molecule of simple structure, the two main processes of biological

energy transfer: electron transfer and group transfer. As far as I know, no

other comparable substance exists.

The thioesters formed by the oxidative decarboxylation of pyruvate

(acetyl CoA) or �-ketoglutarate (succinyl CoA) may support the assembly

of ATP (or GTP, when �-ketoglutarate is the substrate), as shown in

Figure 6.3. But they can also become involved in other acyl transfer

reactions. As we shall see presently, coenzyme A is a major group car-

rier involved in numerous biosynthetic processes. In particular, acetyl

CoA, the product of the oxidative decarboxylation of pyruvate, supports

ATP assembly only in certain microbes. Its principal metabolic function

(also indicated in Figure 6.3) is to react with oxaloacetate to form cit-

rate, thereby connecting glycolysis with the Krebs cycle. Thus, whenever

glycolysis leads into the Krebs cycle, only two of the three thioester mech-

anisms serve in the assembly of ATP (or GTP). The third one (middle in

Figure 6.3) provides the energy needed for the formation of citrate.

Note that this is only little more than one-twentieth of the benefit aer-

obic organisms derive from these systems today. When glucose is oxidized

with oxygen as final electron acceptor, altogether 34 ATP molecules are

assembled per molecule of glucose oxidized, as opposed to 2 by thioester

mechanisms.1 But the other 32 are assembled with the help of proton-

motive force. If we take as likely that protonmotive force, with all the

complex membrane-embedded systems it involves, is a relatively late de-

velopment, then the mechanisms mediated by thioesters are the only

ones among those operating today that could have supported the early

couplings between electron transfer and ATP assembly.

These mechanisms also play a crucial role in biosynthetic reductions.

Looking at the diagram of Figure 6.3, one readily sees that changing the

direction of the arrows allows the conversion of three molecules of CO2

to half a molecule of glucose. Defenders of an autotrophic origin of life

attach considerable significance to the fact that certain chemotrophic bac-

teria use the reverse Krebs cycle for biosynthetic reductions. But such cases

1 In reality, the gross figures are 36 in the first case, and 4 in the second. But deduction
must be made of the two ATP molecules invested in the phosphorylation reactions that
spark glycolysis.
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are exceptional. Of much more general importance is reverse glycolysis,

which plays a key role in most forms of autotrophy. It was mentioned in

the preceding chapter that biosynthetic reductions include one step that

requires a boost from ATP, even with activated chlorophyll as electron

donor. This step is the reduction of phosphoglycerate to phosphoglyc-

eraldehyde in reverse glycolysis (see Figure 6.3). As just seen, this step

involves a thioester-mediated mechanism. Thus, there would be no au-

totrophy without thioesters.

Thioesters and Group Transfers

As was mentioned in Chapter 4, biosynthetic assemblies invariably re-

quire activation of one of the reactants to overcome the energy barrier that

opposes the reaction. In a large number of processes involving carboxylic

acids, these molecules are activated in the form of thioesters. Among the

substances that depend on thioesters for their synthesis are fatty acids,

lipid esters, citrate (in the Krebs cycle), malate (in the glyoxylate cycle),

porphyrins, and terpenes (including sterols), as well as many nonprotein

peptides and polyketides (see the last section of Chapter 3).

The main carrier involved in these processes is a molecule known as

pantetheine phosphate, acting either in protein-bound form or as part of

coenzyme A, in which it is linked with 3′-phospho-AMP. The structure of

pantetheine is given below:

HO-CH2-CH—CH-C-NH-CH2-CH2-C-NH-CH2-CH2-SH

CH3   CH3

O O

It is made by the joining, by two CO–NH bonds, of three simple

molecules: hydroxydimethylbutyric acid, �-alanine, an amino acid (not

involved in protein synthesis), and cysteamine, the product of decarboxy-

lation of another amino acid, cysteine. In pantetheine phosphate, the

phosphate group is attached to the terminal OH group of the molecule.

In coenzyme A, this phosphate is linked to the phosphate of AMP, which

carries an additional phosphate group in position 3′ of the ribose.
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When not resulting from electron transfers, the attachment of acids

to the thiol group of their carrier is supported by ATP, by way of sequen-

tial group transfer. In a few cases, the terminal pyrophosphate bond of

ATP provides the energy [reaction (8) reversed]. More frequently, the en-

ergy comes, by nucleotidyl transfer, from the splitting of the inner py-

rophosphate bond of ATP (see Figure 4.3), which, as we have seen, is often

used to drive particularly important and energetically costly biosynthetic

processes:

ATP + R-COOH −→ PPi + R-CO-AMP (13)

R-CO-AMP + CoA-SH −→ CoA-S-CO-R + AMP (14)

ATP + R-COOH + CoA-SH −→ CoA-S-CO-R + AMP + PPi (15)

Why Sulfur?

Or, rather, why hydrogen sulfide? Sulfate, the main form of sulfur on the

present-day Earth, is of limited use to life; it serves as electron acceptor for

some bacteria and provides certain macromolecules, mostly polysaccha-

rides, with acidic side groups. Thiols are derivatives of hydrogen sulfide

(H2S), a gas with the characteristic stench of rotten eggs, familiar to gen-

erations of chemists for its use in the selective precipitation of heavy met-

als, and to hosts of tourists as a distinctive emanation of volcanic soils. It

probably also pervaded the cradle of life.

There is much to be said for an early intervention of thiols and

thioesters in the development of life. Some of the key molecules involved

have relatively simple structures, possibly within the range of a primitive

prebiotic chemistry. In fact, the three constituents of pantetheine have

been obtained under plausible prebiotic conditions in Miller’s laboratory

and found to assemble correctly merely upon concentration by evapora-

tion (Keefe et al., 1995). Furthermore, the metabolic processes in which

thiol derivatives are involved are catalyzed by soluble enzymes and take

place by straightforward chemical reactions, without all the complexities

attending the generation and exploitation of proton potentials. In spite

of those (relative) simplicities, thioesters participate in processes that are

truly crucial, being concerned with both group and electron transfers and
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with the coupling between the two. Also impressive is the fact that some

of these processes belong to the most basic and, presumably, most ancient

metabolic pathways of universal significance, such as glycolysis and the

Krebs cycle. Finally, it is worth remembering that many bacterial peptides

are made at the expense of the thioesters of the relevant amino acids; so,

too, could my hypothetical multimers have been made.

All these facts point to a volcanic setting for the origin of life. The

same setting has been suggested earlier in connection with the availabil-

ity of inorganic pyrophosphate and polyphosphates. I shall come back

to this possibility in a later chapter. In the meantime, it is interesting to

speculate on the manner in which the two basic chemistries of life, phos-

phate chemistry and sulfur chemistry, could have come to be intermixed.

Based on what is known today, the simplest mechanism that comes to

mind consists of the reversible interaction of a thioester with inorganic

phosphate leading to the assembly of inorganic pyrophosphate:

R-CO-S-R′ + Pi −→ R-CO-P + R′-SH (16)

R-CO-P + Pi −→ R-COOH + PPi (17)

R-CO-S-R′ + 2 Pi −→ R-COOH + R′-SH + PPi (18)

As shown, a thioester powers the assembly of pyrophosphate. Note

that ATP will be assembled instead of inorganic pyrophosphate if Pi is

replaced by ADP in reaction (17 ), or if Pi is replaced by AMP in reaction

(16 ) and by PPi in reaction (17 ), thus providing a possible bridge between

pyrophosphate and ATP as central energy currency. On the other hand,

the reactions shown all being reversible, changing their direction will

have pyrophosphate (or ATP) supporting the synthesis of a thioester.

A Word about Iron

Mentioning sulfur brings up the topic of iron. This metal is associated

with sulfide derivatives in iron–sulfur proteins, which, in view of their

simple structure, could well number among the most primitive electron-

transfer catalysts, possibly preceded by mineral iron–sulfur complexes

(Cammack, 1983). Perhaps iron was ushered into protometabolism by
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sulfur compounds, eventually to become the central element of biological

electron transfer. Today, this metal forms, in combination with a por-

phyrin, the characteristic heme group of cytochromes and other hemo-

proteins, in which the oscillation of the central iron atom between the

ferrous and the ferric form determines electron donation and acceptance.

As mentioned in Chapter 5, iron and sulfur are intimately implicated

in the model of the origin of life proposed by Wächtershäuser (1998).
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It is generally accepted that RNA came before DNA in the origin of life.

What we know of present-day life gives strong support to that contention.

In all living organisms, DNA’s sole function is to serve as the replicable

repository of genetic instructions. When it comes to the execution of

these instructions, RNA is the indispensable intermediary, occasionally as

catalyst (ribozyme), most often as messenger (mRNA) for the synthesis

of a protein that operates as the actual agent. DNA, in other words, can

do nothing without RNA. In fact, DNA cannot even replicate without

the prior formation of an RNA primer.1 RNA, on the other hand, while

being the obligatory instrument of all forms of genetic expression, does,

in addition, share with DNA the property of replicability. This property is

not manifested in normal cells but is realized in cells infected by certain

viruses, such as the polio virus. Thus, we arrive at the almost inevitable

conclusion that RNA was first on the scene, acting in the storage and

replication of early genetic information as well as in its expression, until

DNA appeared and took over the first functions.

There are solid reasons to believe that RNA preceded proteins as well.

This claim, again, rests on our knowledge of present-day life, which uni-

versally depends on RNA molecules – tRNAs, mRNAs, and rRNAs – for the

1 This rule is not absolute. Archaea replicate their DNA without an RNA primer. I am
indebted to Günter Wächtershäuser for calling my attention to this fact.

66
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synthesis of proteins. To be sure, life also uses proteins for the synthesis of

RNA – and for that of proteins – presenting us with a typical chicken-or-

egg problem. However, the role of RNA in protein synthesis is so important

and specific, involving not only catalysis but also information, that the

hypothesis of proteins arising first by some other mechanism and serving

to make RNA, which would then subsequently take over their synthesis,

seems very unlikely. But watch out! When speaking of proteins, we must

recall that this term applies strictly to polypeptides made from twenty spe-

cific kinds of amino acids. With one exception (glycine), these are all chi-

ral and of the L variety. That other peptides may have formed prebiotically

by mechanisms not involving RNA is quite possible – I am inclined to say

probable. My hypothetical multimers are a case in point (see Chapter 3).

The vast majority of scientists who have thought about the problem

agree on the above points. But the mechanisms whereby the first RNA

molecules may have emerged remain unknown and a matter for debate.

Before addressing the question of origin, let us look first at what arose

from it.

RNA Today

RNA, or ribonucleic acid, molecules are long strings, known as polynu-

cleotides, assembled from four different kinds of units called nucleotides,

or nucleoside monophosphates. These building blocks are AMP (adeno-

sine monophosphate), of which much has been said already (see Chapter

4), and, briefly encountered before also, GMP, CMP, and UMP. These ini-

tials stand for guanosine monophosphate, cytidine monophosphate, and

uridine monophosphate, respectively. Guanosine (G), cytidine (C), and

uridine (U) are, like adenosine (A), combinations of nitrogenous bases –

called guanine, cytosine, and uracil – with D-ribose. Such combinations

are called nucleosides, and their monophosphates mononucleotides, nu-

cleotides for short.2 The structures of the four NMPs are illustrated in

Figure 7.1.

2 In the chemical nomenclature, the initials A, G, C, and U (and T) stand strictly for the
nucleosides. They are often used in molecular biology to designate just the bases, which
are the bearers of the biological information. This fuzziness rarely leads to confusion.
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Figure 7.1. Chemical structures of the four nucleotides used in RNA synthesis. Curved
broken arrows show where, in the formation of RNA molecules, the terminal phos-
phate group of one nucleotide joins with the 3′-hydroxyl group in the ribose molecule
of an adjacent nucleotide (with release of OH−).

In the biological synthesis of RNA (see Figure 7.2), the nucleotides

are offered to the catalytic assembly machinery in the activated form of

their pyrophosphate derivatives, the nucleoside triphosphates ATP, GTP,

CTP, and UTP. In this process, the monophosphate parts of the triphos-

phates are attached one by one by their phosphate end to the ribose of
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Figure 7.2. Mechanism of chain elongation in RNA assembly. The scheme shows how
an NTP transfers an NMP unit to the end of a growing RNA chain, with liberation of
inorganic pyrophosphate.

the terminal nucleotide of the growing polynucleotide chain, while the

two terminal phosphates of the triphosphates are released as inorganic

pyrophosphate, which is usually split to two phosphate molecules:

RNA + NTP −→ RNA - NMP + PPi (1)

PPi + H2O −→ 2 Pi (2)
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As mentioned in Chapter 4, reaction (1) is similar to the first step of se-

quential group transfer dependent on nucleotidyl transfer (see Figure 4.3),

with the difference that the nucleotidyl transfer completes the synthesis.

This process is supported energetically by the splitting of the pyrophos-

phate bonds of the donor NTPs. Reaction (2) has already been encoun-

tered [reaction (13), in Chapter 4].

A crucial aspect of this process is that the nucleotide units are not just

added on a chance-encounter basis. They are selected by a preexisting

polynucleotide strand that acts as model, or template. In present-day living

organisms, this template consists of DNA, which is transcribed in the

process. In pre-DNA days, it most likely consisted of RNA, which thus

was replicated, the way it is in certain virus-infected cells today.

In RNA replication, the template RNA runs through the RNA-

assembling system in such a manner that each nucleotide unit of the

template interacts, in turn, with a strategic site of the system, to create a

niche in which only an NTP molecule of complementary structure can be

fitted to donate its NMP moiety to the growing chain (see Figure 7.3). The

rule governing this process is that A reciprocally calls for U, and G for C.

The newly assembled RNA molecule thus has a structure complementary

to that of the template, with all the template A’s replaced by U’s, the U’s

by A’s, the G’s by C’s, and the C’s by G’s. It is clear that the template can

be regenerated by the same process, with the product of the first reaction

now acting as template. The relation between the two forms is the same

as that between the positive and negative of a photograph.

The mechanism whereby A joins with U, and G with C, is called base

pairing. It depends on structural complementarities such that the two

molecules fit into each other, somewhat like puzzle pieces – they are, in

fact, flat – and stick together by weak electrochemical attractions called

hydrogen bonds (see Figure 7.4).

In addition to serving in RNA replication (by viruses), base pairing

also governs the manner in which short, complementary RNA stretches

join with each other. When these stretches belong to the same molecule,

the outcome is folding of the chain into tridimensional shapes that may

be highly complex. The most important instance of the joining of two

distinct RNA molecules occurs in protein synthesis, with the interactions
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Figure 7.3. Schematic representation of template-directed RNA assembly. To the
elongation step shown in Figure 7.2 has been added the intervention of a template
that commands, by base pairing, the choice of the NMP unit to be hooked on to the
growing chain.

between mRNA codons and tRNA anticodons whereby translation of the

genetic information into the corresponding proteins is accomplished (see

Chapter 8).

As we shall see in Chapter 9, base pairing also rules the structure of

DNA – the famous “double helix,” in which the phenomenon was first

discovered – as well as its replication, the main difference being that U

is replaced by T (thymine), which has the same configuration in the part

of the molecule that pairs with A (see Figure 7.4). The same relationships

function, with U and T appropriately standing for each other, when RNA is

assembled on a DNA template (transcription) and when DNA is assembled

on an RNA template (reverse transcription).

In summary, base pairing determines the shapes of all the DNAs and

RNAs in the living world and, furthermore, governs all the basic biological
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Figure 7.4. Base pairing, the universal mechanism of biological information transfer.
On top is shown the pairing between adenine and uracil (R = H) or thymine (R = CH3).
The pairing between guanine and cytosine is shown below. Each base pair forms a flat
plate, roughly elliptical in shape, with axes of 1.1 and 0.6 nm, and thickness 0.34 nm.
Shaded bars are hydrogen bonds. Note that uracil, thymine, and cytosine are deriva-
tives of the single-ringed pyrimidine nucleus. Adenine and guanine are derived from
the purine nucleus, in which a pyrimidine nucleus is fused with an imidazole nucleus.
Pentose is ribose in RNA derivatives, deoxyribose in DNA derivatives.

information transfers involving those molecules, whether in replication,

transcription, or translation. Base pairing accomplishes those fundamen-

tal functions following two rules that are at the same time universal and

almost ludicrously simple – to wit: A = U or T; G = C – the rules them-

selves being based on relatively weak electrostatic attractions between

two chemically complementary structures. Base pairing truly represents

one of the most astonishing singularities offered by present-day life. Most

likely, this phenomenon appeared when life first “invented” RNA.
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The Origin of RNA

No problem related to the origin of life has stimulated more research, fed

more discussions, or evoked more passion than the first appearance of

RNA, which is rightly viewed as a watershed, most likely the key event

through which information first entered emerging life. In spite of all those

efforts, only limited success has been obtained in attempts to reproduce

RNA synthesis under prebiotic conditions. Short RNA-like chains have

been assembled by means of mineral catalysts, mostly clays, with arti-

ficially activated nucleotides as precursors and with a few selected tem-

plates. The natural precursors have proved less effective, however, and the

synthesis of the precursors themselves under plausible conditions has so

far defied the ingenuity of investigators. A growing number of researchers

are now turning from RNA, which they see as too complex to arise de novo

under prebiotic conditions, to simpler molecules that could allegedly have

preceded RNA as the first repository of genetic information (Joyce, 2002).

A further examination of this approach would fall outside the scope of

this book. Let it simply be stated that present-day life – our main guide, in

line with the congruence notion – holds no evidence of the participation

of simpler “pre-RNAs.”

RNA synthesis has been a particularly favorable case for invoking the

“fantastic luck” hypothesis (mechanism 6), the contention being that all

that was needed was the appearance, by what could have been a highly

improbable chance event, of just a few RNA molecules, which would then

have been perpetuated by “self-replication.” This could be a paradigmatic

case of a transition, such as has often been evoked by theoreticians, from

chaos to order by a chance fluctuation.

The notion of self-replication is misleading, however. In nature, RNA –

or DNA, for that matter – does not truly self-replicate. It only serves as a

passive template for an elaborate chemical catalytic machinery that puts

together a complementary molecule from precursors that are themselves

the products of complex chemical processes. What the hypothesis thus

implies is that the extraordinary stroke of luck did not just produce any

kind of RNA molecule but produced an RNA molecule capable of catalyz-

ing its own replication. This amounts to the combination of two highly
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improbable lucky shots, putting a severe strain on plausibility. Not only

is a chemically unlikely molecule required, but this molecule must have

had a structure rendering it capable of catalyzing the template-directed

assembly of its own kind. Implausible? Yes, but perhaps not impossible,

as indicated by the successful design, by powerful in vitro selection tech-

niques, of a ribozyme actually capable of copying a template with close

to 99% accuracy, using the natural NTPs as precursors (Johnston et al.,

2001). This is a remarkable performance, but still a long way short of

the target. The maximal length of the synthesized RNA was only 14 nu-

cleotides, which is not much compared to the thousands of nucleotides

that can be correctly assembled today. Furthermore, as the authors read-

ily admit, all that has been established is that an RNA-replicating RNA

(though not yet self-replicating) can be created artificially by means of

highly contrived, goal-directed manipulations. Nothing proves that such

a molecule ever arose spontaneously by natural processes.3 In addition,

solving replication would not elucidate the mechanism of synthesis it-

self. There still would be left the problem of the prebiotic RNA precursors:

their nature and their mode of formation.

Duly considered, the possibility that RNA may be the self-perpetuating

product of a lucky accident can be rejected as putting implausible de-

mands on chance, while at the same time stifling research. Unless one

wishes to invoke the similarly stifling intelligent-design hypothesis, one

must fall back on the view that prebiotic conditions were such as to favor

the synthesis and replication of RNA molecules by straightforward chem-

ical processes. At first sight, however, this hypothesis also seems to strain

credibility.

But this may be only because we have been holding the wrong end

of the stick. The mistake is to focus on RNA. Viewed in retrospect, the

appearance of this substance does indeed strike us as a crucial watershed.

But an observer present at the time would most likely not have seen it

that way, accepting the event simply as an unsurprising manifestation of

the existing chemistry. Chemistry has no prescience. It could not have

3 Note that the autocatalytic participation of RNA molecules in their own lengthening,
which could have taken place in the earliest phase of RNA development (see the last
section of this chapter), remains a valid possibility.
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produced NTPs, or whatever molecules served as the first building blocks

of RNA, “for the purpose” of using them to synthesize RNA, itself “des-

tined” to be the first bearer of information in nascent life. Unless we

accept intelligent design, it is clear that the RNA precursors must have

arisen spontaneously as a result of existing conditions. The “secret” of

RNA is hidden in protometabolism. This, at least, seems to me a much

more probable and fruitful hypothesis than the opposite assumption that

RNA arose first by some unlikely combination of circumstances and gave

rise later to what are now its precursors.

The Protometabolic Cradle of RNA

What were the conditions in which the first RNA molecules made their

appearance on Earth? Even though we don’t know the answer to this ques-

tion, we may specify a certain number of conditions that are mandated by

the knowledge that RNA did appear. In this exercise, I shall take as working

assumption that the product was authentic RNA, not some hypothetical

pre-RNA, and that the molecules’ precursors were the same as they are

today, namely ATP, GTP, CTP, and UTP. This hypothesis agrees with the

congruence notion (see p. 17) and, more generally, obeys Occam’s razor.

With no valid reason to do so, why look elsewhere when what you need

lies before your eyes?

A self-evident prerequisite of any protometabolic setting conducive to

the formation of RNA molecules is the ready availability of the molecules’

basic constituents: D-ribose, phosphate, and the four bases, adenine, gua-

nine, cytosine, and uracil. Questions related to D-ribose and to phosphate

have already been addressed (see Chapter 4). There remain the bases,

which belong to the domain of nitrogen chemistry. There is good ev-

idence, from a variety of sources, that small, nitrogenous radicals and

molecules – in particular, ammonia (NH3), hydrocyanic acid (HCN), and

some of their derivatives – are abundantly produced by cosmic chemistry

(Ehrenfreund et al., 2002). It is also well established that such substances

can react fairly readily to form larger molecules, a number of which have

indeed been observed in comets and meteorites or reproduced in the lab-

oratory under plausible prebiotic conditions. Amino acids, mentioned
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before, are a case in point. Others are nitrogenous bases, including purines

and pyrimidines. A whole literature exists on the topic (Schwartz, 1998).

At first sight, therefore, availability of building blocks does not seem

to be a problem. What the real problem may rather have been is embarras

de richesse. It is hardly likely that the chemistry involved could have pro-

duced just two pairs of bases that happened to be complementary and ca-

pable of joining to allow replication. Such felicitous coincidence between

blind chemistry and far-reaching innovation smacks too much of intel-

ligent design to be scientifically acceptable. As in the case of ribose (see

“Why Adenosine?” in Chapter 4), the most likely hypothesis is that of the

“dirty gemisch.” If chemical conditions were such as to favor the synthesis

of adenine, guanine, cytosine, and uracil, most likely they also furthered

the formation of other purines and pyrimidines as well as other members

of the vast heterocyclic family to which those bases belong. This family

is represented in present-day living cells by a number of substances other

than the canonical bases, often constituents of important coenzymes of

presumably very ancient origin. Examples are nicotinamide, thiamine,

pyridoxal, flavins, and pterins, to mention only a few. Some of these sub-

stances are even engaged in nucleotide-like combinations.

Our first master-word, therefore, in trying to define the cradle of RNA,

is “gemisch.” Lacking the exquisite specificities of metabolic reactions,

the early chemistry was perforce “dirty.” It made a much greater variety

to start with than would be used in the long run.

Another master-word is energy. By definition, the cradle of RNA must

have been continually traversed by a steady flow of energy capable of

supporting the sealing of the bonds between sugars and bases to form

nucleosides, between nucleosides and phosphate to form nucleotides, and

between phosphates to form the pyrophosphate ends of the NTPs. The

cauldron must have been cooking nonstop, to deliver an uninterrupted

supply of ATP, GTP, CTP, and UTP, besides the many other products of the

dirty gemisch.

According to earlier discussions, three possible, interconnected

sources of energy could be considered within the context of the congru-

ence notion. The most immediate and, at first sight, almost irreplaceable

one is represented by inorganic pyrophosphate (or its polyphosphate
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polymers), which one would expect to be obligatorily required for the

many phosphorylation reactions that dominated the chemistry involved.

As we have seen, such substances could be produced under volcanic con-

ditions (Yamagata et al., 1991). Note that the possibility that phosphate

entered the system in a different way cannot be excluded (Arrhenius et al.,

1993; Pitsch et al., 1995). Eventually, however, passage through pyrophos-

phate would seem necessary.

Barring a direct supply of energy-rich phosphate combinations, the

next possible source, one step removed, would be thioesters, which we

have seen can support the formation of pyrophosphate bonds. Mecha-

nisms have been described whereby thioesters may indeed arise sponta-

neously, again in a volcanic setting.

Finally, there is the possibility, two steps removed, of electron trans-

fers acting to generate pyrophosphate bonds, at least by way of thioesters.

Protonmotive force is considered unlikely as a possible coupling mech-

anism because of its complex requirements. Potential electron donors

being abundantly present among the building blocks, all that would be

needed – not counting actual mechanisms – would be an appropriate elec-

tron acceptor, which would probably have been available fairly readily in

a volcanic setting, or in any other.

All these conditions could not, of course, have created a hotbed for

RNA assembly without a modicum of catalytic assistance. As we have seen,

metal ions, clays and other mineral surfaces, iron–sulfur complexes, and

my hypothetical multimers could all have been involved. Other factors,

such as autocatalytic loops, could also have played a role. In the present

state of our knowledge, nothing more can be said on this important topic,

except that the reactions involved could hardly have been sufficiently

specific to produce only those assemblages that turned out to be used by

later life. What seems more likely is that classes of reactions took place.

Sugars, not just D-ribose, interacted with nitrogenous bases, to produce a

variety of compounds with the general structure of nucleosides, some of

which could have acquired phosphate to turn into nucleotide-like combi-

nations. Alternatively, sugars could have reacted first with mineral phos-

phate donors, to form a number of different phosphate esters, some of

which then combined further with nitrogenous bases. Finally, some of the
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nucleotide-like combinations formed by these processes could have inter-

acted with phosphate donors to give rise to diphosphate and triphosphate

derivatives, including the canonical NDPs and NTPs but not excluding

others. Such would appear to be, with our poor vision of the past, what

Gerald Joyce, one of the leaders in the field, has called the “cluttered path

to RNA” (Joyce, 2002).

The Birth of RNA

How RNA could possibly have emerged from the clutter without a “guid-

ing hand” would baffle any chemist; it seems explainable only by selection,

a process that presupposes replication. Imagine, as we almost have to,

that the NTPs and other triphosphates present in the gemisch inter-

acted to form internucleotide associations but that these were much

more heterogeneous than RNAs, including other sugars besides ribose,

other bases besides the four cardinal ones, and other linkages besides the

3′,5′-phosphodiester bonds that are found in RNA. Then, all we need to

assume is that the mixture contained a few authentic RNA molecules

and that these were somehow able to interact, in template fashion, with

whatever mechanism was involved in their synthesis. Those two condi-

tions being fulfilled, RNA molecules would progressively have become

selectively replicated and amplified, up to a point where they became a

dominant component of the mixture. In this way, RNA would have been

born together with replication and as a result of it: the fruit of the very first

true selection mechanism to take place in the development of life.

If so, on the basis of what criteria was RNA selected? The decisive

factor would obviously have been base pairing, but this does not make A,

G, C, and U mandatory. The gemisch could conceivably have contained

other bases having appropriately complementary structures. Had such

been the case, was chance or some hidden factor responsible for their

rejection? According to a recent theoretical study, the choice of bases may

not have been purely accidental but, rather, the outcome of a selective

process influenced by resistance to error (Mac Donaill, 2003).

The choice of ribose raises a similar question. Was the selection of this

sugar over other sugars fortuitous or due to some molecular properties
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that advantaged the ribose-containing molecules over the others? This

question is of interest with respect to the possibility that RNA may have

been preceded by some analogous substance of simpler structure (Joyce,

2002). Chirality is another factor. It is readily imagined that any heterochi-

ral molecule would have been automatically barred from replication, as

has indeed been found experimentally (Schmidt et al., 1997), making ho-

mochirality obligatory. The actual choice of chirality, however, could have

been, as we have seen, the result of a frozen accident or, alternatively, of

some physical bias (see Chapter 2). Whether the decision occurred at the

precursor level or at that of the polynucleotides is, however, moot. Thus,

the possibility cannot be excluded that L-RNA existed along with D-RNA

and was subsequently eliminated by selection.

Given the hypothetical scenario just pictured, how did NTPs come

to interact to produce the first RNA-like assemblages? If driven simply by

chemistry, the first associations must have occurred essentially at random

or, more correctly phrased, according to the intrinsic kinetic, steric, and

energetic factors that governed the reactions, which factors may well have

favored some associations and excluded others. In such a system, dinu-

cleotides must have largely dominated, followed, in rapidly decreasing

quantities, by trinucleotides, tetranucleotides, and higher-order oligonu-

cleotides. Chains of some 35 nucleotides, which, as we shall see later, is

a plausible size for the first true RNAs, could have been present in the

mixture in only vanishingly small amounts, unless specially advantaged.

How longer chains could have been favored is not immediately

obvious. Stabilization by binding to some surface or by folding into

degradation-resistant conformations is possible, though such mecha-

nisms, being purely passive, are not likely to account for the preferential

selection of longer chains. The need seems inescapable for some autocat-

alytic process such that each lengthening step favors subsequent length-

ening. Only in this way could the enormous kinetic obstacle to chain

elongation be surmounted.

Such a situation could be achieved, perhaps with the help of multi-

mers, by immobilization of the lengthening chain on a catalytic surface

by forces that increase with chain length. A positively charged mineral,

such as some clay–metal complex or pyrite, would bind the negatively
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charged nucleotide chains in this manner. As already mentioned, some

success has been accomplished in the laboratory with such systems. An-

other possibility is autocatalysis. Let one end of the molecules (the 5′ end)

include some configuration that favors the addition of nucleotide units

to the other end (the 3′ end), let this activity increase with chain length,

and chain lengthening will, indeed, be favored. Should this configuration

at some stage turn out to be active also on other molecules, the length-

ening could be extended to others. Hence the interest of investigators in

possible RNA-assembling ribozymes (Johnston et al., 2001).

It must be kept in mind that any invoked catalytic mechanism must

accommodate the participation of a template, for there can have been no

emergence of true RNA molecules without replication. Furthermore, as

will become clearer when we consider protein synthesis, the replication

machinery must have been very sturdy, capable of functioning over very

long periods of time.

The Ancestor of All RNAs

Leaving to further investigations the vexing problem of mechanism, what

was the final product in this first stage of RNA history? This question has

been addressed by the German chemist Manfred Eigen and his coworkers,

who have devoted a considerable amount of work to trying to characterize

the first RNA gene, the Ur-Gen. In a study based on both theoretical consid-

erations and experimental observations (Eigen and Winkler-Oswatitsch,

(1981), the conclusion was reached that the ancestral RNA was a GC-rich

molecule, 50–100 nucleotides long, and most likely linked by direct fil-

iation to present-day transfer RNAs, which, it will be remembered, are

about 75 nucleotides long, on an average. Furthermore, the workers have

found indications, from the comparison of the known sequences of trans-

fer RNAs, that the common ancestor of these molecules could have con-

sisted of two complementary chains, joined by a “hinge” allowing the

chains to fold and join into a double-helical structure. These findings are

relevant to what is known as the sequence-space problem.

The facts are well known. With four kinds of nucleotides available as

building blocks, the number of possible distinct chains of n nucleotides
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Table 7.1. RNA sequence space. Shown are the
numbers N of different nucleotide sequences of
length n and the total mass M of a set containing a
single molecule of each species. Compare with
Table 8.2. The formulas used for the calculations are

N = 4n, M =
N × n × 321

6.02252 × 1023

Length n Number of Total mass M
(nucleotides) sequences N (g)

5 1.02 x 103 2.73 x 10−18

10 1.05 x 106 5.59 x 10−15

20 1.10 x 1012 1.17 x 10−8

30 1.15 x 1018 1.84 x 10−2

35 1.18 x 1021 2.20 x 10
40 1.20 x 1024 2.58 x 104

50 1.27 x 1030 3.38 x 1010

60 1.33 x 1036 4.25 x 1016

75 1.43 x 1045 5.71 x 1025

100 1.60 x 1060 8.56 x 1040

200 2.57 x 10120 2.74 x 10123

is 4n. This number, the size of the sequence space, is small for short

chains but, because of the exponential factor, quickly grows with increas-

ing chain length, soon reaching totally unrealistic values (see Table 7.1).

Most present-day RNAs, for example, occupy an infinitesimally minute

area in an unimaginably immense sequence space, which fact, as will be

seen in greater detail in the next chapter, is used as an argument by the

defenders of intelligent design.

Leaving this question aside for the present, we may ask to what extent

emerging life was able to explore the RNA sequence space as molecules of

increasing length began to appear. Was the exploration extensive enough

to allow selective optimization? Or was the final result only one in a

number of possible ones, determined by chance factors unlikely to be

repeatable?

As shown in Table 7.1, exploration of the sequence space could con-

ceivably have been exhaustive up to chain lengths on the order of 35–

40 nucleotides. With 35 nucleotides, a set containing a single sample of

every possible sequence would have a mass of only 22 g. For a length
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of 40 nucleotides, the mass of such a set would be 26 kg still a manage-

able quantity. But beyond that length, things soon get out of hand. With

50 nucleotides, the mass of a complete set reaches 34 000 metric tons. For

75 nucleotides it amounts to one-hundredth of the mass of our planet.

These calculations are of critical importance. They show that an ancestral

RNA molecule 75 nucleotides long could not possibly have been arrived at

by exhaustive exploration of the RNA sequence space, whereas this could

readily have been true for a molecule half that long. In other words, if, as

is believed by the Eigen school, the Ur-Gen consisted of two complemen-

tary units some 35 nucleotides long, it could have been the reproducible

product of selective optimization, followed by duplication.

There is another interesting argument, also derived from the work of

the Eigen school (Eigen and Schuster, 1977), suggesting that the length

of replicating RNA chains could be subject to a natural limit. It comes

from a theorem showing that the length of a replicable polymer cannot,

in first approximation, exceed the reciprocal of the replication error rate.

If it does, the molecule inevitably degenerates upon repeated replication.

A maximum length of 75 nucleotides corresponds to a replication error

rate of 1.3%, not an implausible value for a primitive mechanism.

Can more be said of the ancestral RNA? The answer to that question

comes from experiments first performed in the 1960s by the late Ameri-

can molecular biologist Sol Spiegelman (1967) and since then repeated

by many others. What the experiment has shown is that, when an RNA

molecule is allowed to go through a large number of replication cycles, in-

evitably affected by repeated replication errors or accidents, the molecule

automatically evolves toward a reproducible state characterized by an op-

timal combination of stability and replicability. This is the process of

direct molecular selection, already mentioned in Chapter 3 (see the sec-

tion “Congruence”). On the strength of such experimental findings, it

may be surmised that the ancestral RNA progressively evolved into a

stable form, or, more accurately, into what Eigen has called a quasi-species,

consisting of the optimized product, or master sequence, accompanied by

a continually changing cohort of mutant molecules arising from faulty

replication and subject to natural selection according to environmental

conditions.
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What emerges from these admittedly very speculative considerations

is: (1) that the road to RNA could have led to a reproducibly optimized

molecule some 35–40 nucleotides long or, at most, twice that size, but

containing a complementary duplex of the same information; (2) that

further evolution of this molecule would have been determined initially

by environmental influences on its stability and replicability; and (3) that

this process was limited by the fidelity of the replication mechanism.

These conclusions are crucially relevant to a hypothetical model that has

acquired an almost mystical significance: the RNA-world model.

The RNA World

There are two facets to the RNA-world model. One was conjectured by

Francis Crick as early as 1968 and is universally accepted. It was epito-

mized at the beginning of this chapter in two sentences: RNA came be-

fore DNA; RNA came before protein. Hardly anybody is inclined to quar-

rel with those assumptions, which rest on strong circumstantial evidence

written into the fabric of present-day life.

The second facet of the RNA-world model followed the startling dis-

covery, made in the early 1980s, independently by the Americans Thomas

Cech and Sidney Altman, that RNA molecules can display catalytic activ-

ity. Cech coined the term “ribozyme” to designate catalytic RNAs and

vigorously promoted the notion of “RNA as an enzyme” (Cech, 1986).

This notion was adopted by another American, Walter Gilbert, of DNA-

sequencing fame, and incorporated into his celebrated definition of an

“RNA world” – a term he coined for the occasion – which he describes as

a stage in the origin of life in which “RNA molecules and cofactors [were] a

sufficient set of enzymes to carry out all the chemical reactions necessary

for the first cellular structures” (Gilbert, 1986). Just one small word – all –

converted a major discovery into a powerful hypothesis that has fired

imaginations, galvanized research efforts, and inflamed passions in an

astonishing manner, about which historians and sociologists of science

of the future will have much to ponder.

Today, the RNA-world model has been popularized to such an ex-

tent that its speculative nature tends to be almost forgotten. Witness the
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following statement, which is only one of many in a similar vein: “Before

biological coding emerged, the hypothesized RNA world, in which a sin-

gle biopolymer performed both as genetic information and metabolically

functional phenotype, forms one of the best supported models for the

early evolution of life” (Freeland et al., 2003).

Having, in our attempted reconstruction of RNA history, reached the

stage where the alleged RNA world was inaugurated, we may find it prof-

itable to take an objective look at the model. Note that the occurrence of

an RNA world is not in question. The point at issue is whether ribozymes

ever came to catalyze “all the chemical reactions necessary for the first

cellular structures” – or, if they never did so, to what extent they could

have become involved in protometabolism before protein enzymes took

charge.

A first question to be asked is whether the protometabolic “dirty

cauldron” that spawned RNA could have continued to ensure this pro-

duction until the advent of protein enzymes (see Chapter 3). Or did

ribozymes begin to meddle with protometabolism already in the RNA

world, to be followed later by protein enzymes? Absent clear proof of

the participation of ribozymes, their involvement appears as a superflu-

ous hypothesis. Protometabolism functioned before; why could it not

have gone on doing so? Had it depended on extraordinary circumstances,

not likely to be repeated or maintained for any length of time, the need

for rescue could be invoked. But there is no reason to believe so. Pro-

tometabolism, as reconstructed, must have been solidly anchored in a

robust set of local conditions (although, admittedly, reconstruction in

the laboratory would be the only convincing argument in support of this

view).

Even if not mandatory, the assistance of ribozymes could obviously

have been very useful. So, what about the evidence? The most revealing

clue is said to be the existence of a number of coenzymes with a nu-

cleotide structure – NAD, NADP, FMN, and FAD are the most prominent

examples – believed to be molecular “fossils” of corresponding ribozymes.

The argument is impressive, but not decisive. As we have seen, the coen-

zymes could have arisen as parts of the gemisch, together with ATP and

the other NTPs, which can hardly qualify as “fossils” of ribozymes, unless
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RNA is taken to have arisen in a manner completely different from its

present mode of synthesis.

Note that the coenzymes are not catalysts in the true sense of the

word; they are cofactors. Present-day ribozymes show no evidence of

including, or of ever having included, catalysts of the kind of group-

transfer or electron-transfer reactions that might have been involved in

protometabolism (the peptidyltransferase to be mentioned in the next

chapter is an exception). There is, however, plenty of evidence that prop-

erly engineered RNA molecules can catalyze certain reactions of that kind

(Joyce, 2002). Whether nature ever achieved in the past what clever en-

gineers succeed in doing today is, of course, the key question. It would

hardly be raised in the absence of positive evidence if the engineered ma-

terial had not had the emblematic character of RNA and the technology

used had not been borrowed from nature itself.

One phenomenon in which intervention of a ribozyme could have

been of critical importance is RNA replication. As discussed above, catal-

ysis of this process raises a serious problem. Among the conceivable so-

lutions of this problem, the involvement, whether autocatalytically or

otherwise, of an RNA replicase of RNA nature appears as an attractive pos-

sibility. This point is of great importance and justifies the search, already

partly successful (Johnston et al., 2001), for RNA-replicating ribozymes.

That such catalysts could have existed is rendered at least plausible by

the fact that one of the two main functions in which ribozymes are in-

volved today is RNA processing. It must, however, not be forgotten that

the replicase at issue could have arisen only after RNA itself, whose origin

remains unexplained (Joyce and Orgel, 1993).

A question raised by the ribozyme problem and directly related to

our topic concerns the mechanism whereby catalytic RNAs could have

been selected had chance produced the right mutation. This question

has already been addressed in Chapter 3. We have seen that a process of

molecular selection, of the kind alluded to above, is not readily visual-

ized for a catalyst unless the catalytic activity happens to directly favor

the selection of its own molecular support (as, for example, would occur

in autocatalytic RNA replication). In a more general way, selection of a

ribozyme would be expected to be indirect, like that of a protein enzyme,
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and to depend on the existence of competing protocells. The implication

is that, if ribozymes did significantly take over protometabolic reactions,

as surmised in the RNA-world model, the system must have been cellular-

ized. This is not an objection, for cellularization seems to be a condition

for the appearance of the first protein enzymes in any case. But the point

will have to be kept in mind when the appearance of cells is discussed

(see Chapter 10).

A last item of interest with respect to the RNA-world model concerns

the length of the RNA molecules. As mentioned above, there is a seri-

ous possibility that the presumptive length of the ancestral RNA – about

75 nucleotides – represented an upper limit set by the error rate of prim-

itive replication, in that longer molecules would inevitably have suc-

cumbed to repeated replication. An important implication of this hypoth-

esis is that further RNA lengthening was conditioned on an improvement

in the fidelity of RNA replication. If such was the case, the question arises

whether this development had to await the appearance of protein repli-

cases or was allowed to happen before, thanks to the participation of

increasingly accurate RNA replicases of RNA nature.4

This question is related to the point, already discussed, of the possible

involvement of a ribozyme in primitive RNA replication. All that can be

said is that there seems to be no compelling evidence that RNA molecules

of the assumed length – about 75 nucleotides – could not have functioned

adequately until the advent of the first protein RNA replicases. As will

be seen in the next chapter, the crucial development catalyzed by RNA

molecules – with little doubt, here, as to its occurrence – is represented

by protein synthesis. The main actors in this development are likely to

be the ancestors of present-day transfer RNAs, that is, molecules about

75 nucleotides long. The other RNAs involved, presumably ancestral to

ribosomal and messenger RNAs, need not have been longer, as far as can

be seen. Thus, life could have effected the momentous transition from

the RNA stage to the RNA–protein stage with a set of RNA molecules no

more than about 75 nucleotides long.

In conclusion, except for the possible (though not so far demon-

strated) involvement of an RNA replicase of RNA nature and, of course, for

4 The participation of RNA-replicating ribozymes of increasing accuracy is a cornerstone
of the theory proposed by Poole et al. (1999) (see footnote 2, in the next chapter).
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the highly probable involvement of RNA molecules in the development

of protein synthesis, there seems so far to be little evidence that ribozymes

ever did fulfill the many catalytic functions implied in the original def-

inition of the RNA-world model. This in no way invalidates the model

as an imaginative hypothesis in search of verification (or falsification).

Whether it will eventually be found to be true or not, its greatest value, as

for many brilliant but not necessarily correct hypotheses of the past, lies

in the experiments it has inspired and in the findings and achievements

these experiments have generated. The model has been uncommonly fe-

cund in this respect.

Irrespective of this issue, there is no denying that the advent of RNA

was a true watershed in the development of life. It introduced replication,

the essence of genetic continuity, and, with it, variation, competition, and

selection, the bases of evolution. This we discern with the help of hind-

sight. It might not have been obvious to an observer at the time. Except

for the slow introduction of RNA molecules, protometabolism may well

have gone on largely unchanged, continuing to produce the same mot-

ley collection of molecules by the same variety of chemical reactions. The

only significant change would have resulted from the appearance of ri-

bozymes that altered the existing chemistry, a point of major uncertainty,

as we have just seen. The true revolution initiated by RNA was the devel-

opment of protein synthesis, without which the “RNA world,” however

defined, would have remained mostly barren. This will be the topic of the

next chapter .
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8 Proteins

Proteins are polypeptides, that is, long chains made of a large number

of amino acids. A great variety of peptides exist in nature. Those that

constitute proteins are made exclusively with twenty specific kinds of

amino acids that are all �-amino acids [the carboxyl and amino groups are

attached to the same (�) carbon atom] and, with the exception of glycine,

which is not asymmetric, are of the L chiral variety (see Chapter 2):

COOH

H2N-C-H

R

In proteins, as in other peptides, the amino acids are linked by peptide

bonds, the outcome of the dehydrating condensation of the carboxyl

group (COOH) of one with the amino group (NH2) of another:

(1 )

H2N-CH-CO-NH-CH-COOH + H2O

R1 R2

H2N-CH-COOH + H2N-CH-COOH

R1 R2

88
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It is readily seen that the similarly linked attachment of additional

amino acids to the dipeptide shown above can continue indefinitely, lead-

ing to a polypeptide molecule of increasing length, always having a free

amino group (NH2) at one end (N-terminal end, or tail) and a free carboxyl

group (COOH) at the other (C-terminal end, or head). The length of pro-

tein molecules is usually on the order of several hundred amino acids

but shows considerable variation. What gives each chain its individual-

ity is the number of amino acids of which it is composed and, especially,

their sequence, that is, the order in which they follow each other along the

chain. This boils down to the sequence of R groups, because the backbone

is the same for all chains, a repeat of the –NH–CH–CO– motif.

The R groups of amino acids are remarkable in the diversity of their

physical and chemical properties. Some bear no electric charge; others

are negatively or positively charged. Some attract water; others repel it.

Some are chemically inert; others display various degrees of reactivity.

These features make amino acids the most diverse and versatile of nature’s

building blocks and make their associations, by far, the most complex and

multifunctional of all existing molecular structures, unmatched by any

other biological constituent.

The sequence of amino acids determines the shape of a protein

molecule and, thereby, all its physical and chemical properties. In rel-

atively rare cases, the chains conserve their linear shape and join into

various structural elements, such as fibers, plates, or trellises. Most often,

the chains fold into complex, tridimensional bundles displaying on their

surface intricate arrangements of R groups, which are largely responsible

for the manner in which the molecules interact with their environment

by way of binding sites, catalytic centers, and other sensitive areas. Most of

the more complex components of living organisms, including cytoskele-

tal parts, enzymes, transporters and other energy transducers, receptors,

regulators, antibodies, and a host of others, are proteins or have a protein

foundation.

There is no doubt that the advent of proteins utterly changed the

conditions of emerging life, representing a truly momentous watershed

in its development. One would be tempted to call the event even more
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momentous than the advent of RNA, except that the proteins themselves

are almost certainly products of RNA activity. Before examining how this

may have happened, let us see how proteins are synthesized in present-

day organisms. As with other events in the development of life, analyzing

the present may yield useful hints concerning the past.

Protein Synthesis Today

Like all dehydrating condensations, that of amino acids requires energy.

This is provided by ATP, by a sequential group-transfer mechanism that

depends on the transfer of AMP [see reaction (6) in Chapter 4] to the

carboxyl group of the amino acid, yielding an aminoacyl–AMP complex.

The aminoacyl group is, however, not used directly for peptide bond syn-

thesis; it is transferred to a special kind of RNA, called transfer RNA, or

tRNA, that serves as carrier of this group:

ATP +  HOOC-CH-NH2         AMP-CO-CH-NH2 + PPi 

R R 

(2)

AMP-CO-CH-NH2 + tRNA-OH        AMP + tRNA-O-CO-CH-NH2 

R R (3)

ATP + HOOC-CH-NH2 + tRNA-OH  

R (4)

tRNA-O-CO-CH-NH2 + AMP + PPi 

R

With the amino acid represented by aa, reaction (4) can be summarized

schematically as follows:

ATP + aa + tRNA −−−→ aa-tRNA + AMP + PPi (5)

A bond is created between the amino acid and the tRNA at the expense of

the splitting of ATP to AMP and inorganic pyrophosphate [see reaction (8)

in Chapter 4]. Subsequently, the ATP-derived bond energy between the
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aminoacyl group and tRNA is used to create a peptide bond, though not by

direct transfer of the activated aminoacyl group to the terminal NH2 group

of the growing polypeptide chain, as might be expected. Peptide chains

grow not by their N-terminal tails but by their C-terminal heads.

This is best understood by considering first the initial reaction whereby

a dipeptide is formed. In this reaction, the aminoacyl group of one

aminoacyl–tRNA complex is transferred to another, yielding a dipeptidyl–

tRNA complex:

aa1-tRNA1 + aa2-tRNA2 −−−→ aa1-aa2-tRNA2 + tRNA1 (6)

In the next step, the dipeptidyl group is transferred from its carrier tRNA

to the terminal amino group of the next amino acid of the chain, reacting

in tRNA-bound form, to yield a tRNA-bound tripeptidyl group:

aa1-aa2-tRNA2 + aa3-tRNA3 −−−→ aa1-aa2-aa3-tRNA3 + tRNA2 (7)

The chain goes on growing in this way by peptidyl transfer until the last

amino acid has been added:

aa1-aa2- · · · -aan−1-tRNAn−1 + aan-tRNAn

−−−→ aa1-aa2- · · · -aan−1-aan-tRNAn + tRNAn−1 (8)

Finally, the completed chain is detached hydrolytically from its tRNA

carrier:

aa1- · · · -aan-tRNAn + H2O −−−→ aa1- · · · -aan + tRNAn (9)

From the energetic point of view, the closure of each peptide bond is

supported by the splitting of ATP, by way of the aminoacyl–tRNA bond

energy. The crucial point is that growing peptide chains remain attached

to the tRNA of their C-terminal amino acid throughout their synthesis and

that peptide bonds are sealed by peptidyl transfer, rather than by aminoacyl

transfer.

In the entire living world, this process takes place identically on small

particles, called ribosomes, made of roughly equal amounts of protein and

RNA (ribosomal RNAs, or rRNAs). Significantly, the crucial peptidyl trans-

fer step of protein synthesis is catalyzed not by a protein enzyme but by
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an rRNA molecule. This is one of the few cases in which a ribozyme acts in

present-day life. As we shall see, it has profound implications.

A fundamental feature of protein synthesis is that the amino acids are

not added in haphazard fashion. Their sequence is rigorously imposed

by another kind of RNA, called messenger RNA, or mRNA, which is itself

formed by transcription of a given stretch of DNA. This is how genes are

expressed. The sequences of bases in DNA determine (by base pairing)

the sequences of bases in the transcription products, the mRNAs, which

themselves control the sequences of amino acids in proteins, the final

agents of gene expression in most cases.

The DNA-derived information is written into the mRNA molecules in

the form of successive triplets of bases, or codons, most of which specify

a given amino acid (the others signal the end of the chain). The set of

equivalences between amino acids and codons is called the genetic code.1

It is the same for the vast majority of living organisms and represents the

dictionary universally used in nature for the translation of nucleic acid

language into protein language. We shall see later how this remarkable

singularity may have emerged.

The coding action of mRNAs does not rest on direct interactions with

the amino acids. As shown in Figure 8.1, what the mRNA codons interact

with are complementary triplets, or anticodons, present in the amino-acid-

carrying tRNA molecules. This interaction occurs by the universal mecha-

nism of base pairing. Thus, mRNA molecules never “see” the amino acids;

they “see” only the anticodons of the tRNA molecules that bear the amino

acids. From this it follows that translation from the nucleic-acid language

to the protein language takes place earlier, when amino acids are attached

to their carrier tRNAs by reaction (5). The fidelity of translation depends

critically on the accuracy of this process.

The enzymes that catalyze this crucial step are proteins called

aminoacyl–tRNA synthetases. There are twenty of them, one for each

1 The term “genetic code” is increasingly used, in the media and even in certain scientific
publications, to designate the genetic endowment, or genome, of an individual. This
regrettable practice leads to dangerous confusion. To speak of an individual genetic
code is nonsense. With rare exceptions, there is only a single genetic code for the entire
living world.
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tRNA

mRNA

tRNA

CodonCodon

Ribosome

PEPTIDYL AMINOACYL

Anticodon Anticodon

Peptidyltransferase rRNA

Figure 8.1. Protein synthesis. The mRNA runs through the ribosome (formed, as
shown, of a small and a large subunit that are joined by the mRNA molecule), like a
tape through a cassette reader. The “reading” is done by charged tRNA molecules.
The diagram, which depicts an intermediate step in the process, shows two such
molecules, kept side by side on the ribosome surface by base pairing between their
anticodons and two adjacent codons of the mRNA. The tRNA on the left bears the
growing peptide chain; that on the right, the amino acid destined to be added to
the C-terminal head of this chain. The sites occupied by these tRNAs, called P (for
peptide) and A (for amino acid), respectively, are strategically placed with respect to
the catalytic site of the rRNA that functions as peptidyltransferase, so as to allow the
transfer, by this ribozyme, of the growing peptide chain on the left to the aminoacyl
group on the right. Following this transfer, the chain, lengthened by one unit, will
now be attached to the tRNA on the right by means of the last-added amino acid,
whereas the tRNA on the left, freed from its peptidyl group, will detach, leaving the
P site empty. Once this has happened, the mRNA will move to the left by the length
of one codon (with the help of energy provided by the splitting of GTP), dragging
with it the tRNA bearing the lengthened peptide, which will occupy the P site. At the
same time, the A site, which has become free and framed by a new codon, is ready
to receive an aminoacylated tRNA containing an appropriate anticodon The situation
depicted in the scheme will be reinstated, ready for the next elongation step. Two
features of this mechanism are notable. First, the mRNA does not “see” the amino
acid; it “sees” only the anticodon of the amino acid’s carrier tRNA. Second, the main
actors in the process are RNA molecules: mRNA, tRNAs, and the rRNA that acts as
peptidyltransferase.
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tRNA

tRNA

tRNA

aa

tRNA-binding
site

Catalytic site

Amino acid-
binding site

aa

aa

Figure 8.2. Anatomy of a tRNA synthetase. The enzyme has two binding sites, one
for a tRNA, the other for an amino acid, situated in the vicinity of a catalytic site in
such a way that the amino acid is attached to the tRNA. Not shown in this diagram
is the participation of ATP according to reaction (5). Note that the correct joining of
the amino acid with a cognate tRNA depends on the specificity of the two binding
sites.

amino acid. As illustrated schematically in Figure 8.2, each enzyme has a

binding site for the amino acid and another for the corresponding tRNA or

tRNAs (there may be more than one). Note the exceptional importance of

those twenty enzymes, which serve simultaneously in activation (energy)

and in translation (information). They accomplish their energetic func-

tion by using ATP to join amino acids with tRNA molecules in a manner

such that the energy of the created bond can serve to support peptide bond

formation. Aminoacyl–tRNA synthetases carry out their informational

function (see Figure 8.2) by selecting the substrates of these associations,

so that amino acids always join specifically with tRNA molecules con-

taining an appropriate anticodon. Remember that later selection by the

mRNA depends exclusively on codon–anticodon interaction. The term

identity designates the features whereby tRNA molecules are recognized

by the aminoacyl–tRNA synthetases. Contrary to what one would ex-

pect, identity and anticodon coincide for only about half the enzymes.

The other enzymes recognize their tRNAs by features different from the
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anticodon. This surprising peculiarity imposes an additional accuracy

condition: identity and anticodon must be present together in the same

tRNA molecule. That natural selection should have favored – or tolerated –

this additional error risk is an intriguing fact. I shall come back to it.

The above account gives only the bare bones of what is obviously an

extremely intricate process. But it should suffice for our purpose. Its main

lesson is the central importance of RNA molecules (tRNAs, mRNAs, and

rRNAs) in protein synthesis. This fact makes it highly probable that the

first proteins arose from interactions among RNA molecules.

The Emergence of Proteins

It all started with certain RNA molecules reacting with certain amino

acids. This much can be safely surmised, for it is difficult to see how else

RNA molecules could have become involved with the stringing together

of amino acids. Furthermore, it seems reasonable to assume that the pos-

tulated reaction led to the creation of a bond between the two molecules,

prefiguring the attachment of amino acids to tRNAs. The direct relation-

ship that may exist between present-day tRNAs and the Ur-Gen, the an-

cestor of all RNAs (Eigen and Winkler-Oswatitsch, 1981), further supports

this hypothesis.

If a bond was made, energy would have been required. There are

two simple possibilities. The energy could have been derived from a pre-

existing bond in the RNA molecule, of which one part would have been

transferred to the amino acid, the other being released as leaving group.

Alternatively, the amino acid could have reacted in activated form, for

example, in combination with AMP, as happens today, or in some other

form, such as a thioester.

A reaction of the kind postulated would probably not have taken

place indiscriminately between any amino acid and any RNA. Most likely,

some selection occurred, based on chemical affinities. It is tempting to as-

sume that this is how the first amino acids destined for protein synthesis

were selected from among those present in the gemisch. We have, in-

deed, seen (see the last section of Chapter 1) that the use of amino acids

for protein synthesis does not reflect their alleged prebiotic abundance,
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indicating that some selective factor must have been at work. It does

not seem likely, however, that all twenty proteinogenic amino acids were

there right from the beginning. Some probably appeared and were se-

lected later. By then, however, the tone may have been set, so that the

choices of the future were limited by the commitments of the past. Sev-

eral models have been proposed to account for a gradual recruitment of

protein building blocks.

A key “decision” that may go back to those early days is that of chiral-

ity. It is an intriguing notion that RNA may be responsible for the selection

of L- over D-amino acids. An even more intriguing corollary of this notion

is the possibility that the chirality of RNA determined the chirality of the

selected amino acids, implying that RNA made with L-ribose, if it had

arisen, would have selected D-amino acids (de Duve, 2003). A recent re-

port suggests that such could have been the case (Tamura and Schimmel,

2004).

An important question raised by these speculations is whether the

primeval interactions between amino acids and their first RNA carriers

were direct or indirect. A direct interaction would appear more likely for

a primitive system. On the other hand, an indirect mechanism prefiguring

the present-day situation, but with a ribozyme acting as aminoacyl–tRNA

synthetase (see Figure 8.2), may deserve consideration. Note that selection

of amino acid molecules by RNA molecules has to be presumed in either

case.

As pointed out before, selection is a two-way process. If RNAs selected

amino acids, the latter must, reciprocally, have selected the former. Chem-

ical affinities are mutual. RNAs, however, were not there for the picking,

as were the amino acids. They had to be actively selected on the strength

of some advantage derived from their involvement. Before we consider

this question, it may be useful to look first at what may have been the

subsequent steps in the development of protein synthesis.

With only the present as guide to the past, the simplest hypothesis

is to assume that the main features of protein synthesis were established

right from the start. Take the scheme of Figure 8.1, remove the ribosomal

infrastructure (which, as we know, includes many proteins that obviously

could not have been present), add the prefix “proto” to the participating

RNAs, and you have a model (Figure 8.3) of what could have been the
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Proto-tRNA Proto-tRNA

Proto-mRNA

Proto-
codon

Proto-
codon

PEPTIDYL AMINOACYL

Proto-
anticodon

Proto-
anticodon

Proto-rRNA

Figure 8.3. Model of an all-RNA proto-ribosome. Compare with Figure 8.1.

proto-ribosome, the ancestral system that inaugurated protein synthesis

in the history of life.2 Charged proto-tRNAs, immobilized side by side on

a proto-mRNA molecule by base pairing between proto-anticodons and

proto-codons, exchange aminoacyl and peptidyl groups with the help of

a proto-rRNA catalyst. All this is highly conjectural, of course, but cor-

responds to what is about the simplest and most straightforward course

of events that can be imagined to account for the development of RNA-

dependent protein synthesis. Most workers who have thought about the

question have come up with more or less similar solutions. I have myself

adopted this model, with the additional twist that multimers may have

played a role (de Duve, 1991).

If the proposed model is accepted, we must ask how the RNA molecules

involved were selected. Remember that things presumably started with a

single, ancestral RNA species or, more accurately stated, quasi-species (see

2 In a scheme proposed by Poole et al. (1999), the proto-ribosome allegedly arose as an
RNA-replicase system, not as a protein-synthesizing machinery. This scheme is based on
a strong version of the RNA-world model, in which ribozymes, in addition to accom-
plishing many metabolic functions, acted as the principal agents of RNA replication
and were the main participants in the process, to be mentioned below, whereby RNA
molecules reached their maximum length thanks to progressive improvements in the
fidelity of replication. According to this model, proteins came on the scene late, serving
first as RNA-protecting “chaperones,” and only later as enzymes.
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the section “The Ancestor of All RNAs” in Chapter 7), from which the

RNA initiators of protein synthesis presumably were picked out by natu-

ral selection. As already mentioned, selection may be direct or indirect. In

the former case, the process is molecular and based on the greater stabil-

ity of the molecules involved, or on their improved replicability, or on a

combination of both qualities, resulting in the molecules’ becoming pro-

gressively more abundant than those not favored in this way. In the case,

much more frequent, of indirect selection, entities (cells or organisms)

that possess the molecules emerge because this possession enables them

to multiply faster than entities not similarly endowed.

As far as amino-acid-carrying RNAs are concerned, a molecular mech-

anism appears plausible. The presence of an attached amino acid could

conceivably increase the stability of the molecules or, more importantly

for a long-term effect, further their replication. It may be useful to re-

member, in this connection, that replication starts at what is known as

the 3’ end of the RNA template. If the amino acid had been attached to

that end, as is the case for tRNAs, this feature could have facilitated the

correct positioning of the template in relation to the replicating catalyst.

It seems unlikely, however, that molecular selection could, by itself, have

accounted for the selection of the other RNA molecules involved, includ-

ing proto-mRNAs, the peptidyltransferase proto-rRNA, and, perhaps, the

proto-aminoacyl–tRNA synthetases mentioned above. An indirect mech-

anism, dependent on the usefulness of the RNAs or on that of their prod-

ucts, seems almost mandatory, with, as prerequisite, the participation of

a large number of competing protocells. Therefore, protocells must have

been present already at the time protein synthesis was first developed.3

This is an utter limit (de Duve, 2005). As we have seen, cellularization

could even have taken place earlier.

Following the above line of reasoning, we are led to imagine a popu-

lation of protocells, each endowed with a collection of replicating – and

continually mutating – RNA molecules interacting with one another and

3 I consider this point, which was already briefly made in Chapter 3, as of crucial impor-
tance. As will be seen in Chapter 14, it is highly relevant to our reconstruction of the
LUCA, the last universal common ancestor of all known living beings.
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with amino acids in a way conducive to the linking of the amino acids

into peptide chains. In such a system, those protocells containing RNA

molecules best able to interact in a manner useful to the survival and

proliferation of their protocellular owners would be caused to emerge by

natural selection. In my earlier speculations on this topic, the more or

less random formation of small protein molecules was seen as providing

the implied advantages, and the efficiency of their synthesis was seen as

the criterion of selection.

An ingenious alternative proposal has been made by the Hong Kong

scientist J. Tze-Fei Wong (1991) and further developed by the Italian

Massimo Di Giulio (2003). According to this proposal, the agents of se-

lection were not the proteins but the RNA-bound peptidyl groups. It

is assumed that the participating RNA molecules exerted some useful

catalytic activity and that this activity was enhanced by the attached

peptidyl groups. This attractive hypothesis provides a functional and se-

lective link between the RNA world and the later RNA–protein world,

by way of what has been termed the PER (peptide-enhanced ribozyme)

world. The hypothesis offers a plausible mechanism for the selection of

molecules participating in the peptidyl-transfer reactions involved in this

development. To the extent that peptide elongation increased the alleged

ribozyme-enhancing activity of the peptidyl appendages, there would be

continuing selective pressure favoring the RNA molecules most likely to

participate in the formation of longer peptides. The same mechanism

could even have applied to the other RNA molecules of the model if,

as has been suggested, these molecules had themselves also been pep-

tidylated. Note that, in this event, the proto-ribosome of the model

(Figure 8.3) would have consisted of peptidyl–RNA molecules, prefigur-

ing the protein–RNA associations of present-day ribosomes (Di Giulio,

2003).

The main weakness of the PER-world model is that it presupposes the

existence of unspecified ribozymes, a standard feature of the classical RNA-

world model but, as we have seen, supported by little objective evidence.

It is, however, not certain that “metabolic” ribozymes would have been

needed for the PER mechanism to operate. Perhaps the catalytic functions

directly involved in protein synthesis, with the possible addition of the
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replicase activity considered in the preceding chapter, could provide the

material for the alleged peptidyl enhancement.4

Further discussion of this fascinating topic must be left to the experts.

A feature of the model in Figure 8.3 that the reader may have noted is that

complementary base triplets – as opposed to groups of two or four bases,

for example – are assumed to have ensured the immobilization of the

proto-tRNAs on the proto-mRNA. Obviously inspired by hindsight, this

feature could have been imposed right from the start by steric factors,

thus serving as a straightforward, chemically determined pathway to the

three-base genetic code. It is time for us to examine this crucial aspect of

protein synthesis.

Translation and the Genetic Code

Ever since its elucidation in the early 1960s, and even before, the genetic

code has invited an enormous amount of interest and speculation. The

early history of the field has been covered in a previous work (de Duve,

1991). More recent information may be found in a comprehensive book

on the subject by Osawa (1995), in Wong (1991) and Di Giulio (2003),

already cited, and in Yarus (2000) and Wong and Xue (2002), among many

others. For the present sketchy survey, the following points can be seen

as particularly significant.

Universality of the Code. The vast majority of living organisms, be they

microbes, plants, fungi, or animals, observe the same genetic code. There

are a few exceptions, but these were almost certainly introduced later in

evolution. They do not disprove the code’s singularity; they simply show

that the universal code is not immutable. I shall come back to this point.

Structure of the Code. The standard representation of the genetic code

is shown in Table 8.1. To be noted first is that all of the 64 possible triplet

combinations of three bases are used, with 61 specifying amino acids and

4 An alternative, proposed by Poole et al. (1999), is that the proteins were selected by virtue
of their ability to serve as chaperones for functional RNA molecules (see footnote 2,
above).
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Table 8.1. The universal genetic code. Codons marked ∗ have a
second function as initiators of translation. Codons marked † are
terminators, or stop signs.

Second letter

U C A G

Fi
rs

tl
et

te
r

UUU
}
Phe

UCU UAU
}
Tyr

UGU
}
Cys

U

Th
ir

d
le

tt
er

U
UUC UCC




Ser
UAC UGC C

UUA
}
Leu

UCA UAA OCHRE† UGA OPAL† A
UUG UCG UAG AMBER† UGG Trp G

C CUU CCU CAU
}
His

CGU U
CUC




Leu
CCC




Pro
CAC CGC




Arg
C

CUA CCA CAA
}
Gln

CGA A
CUG CCG CAG CGG G

A AUU

Ile

ACU AAU
}
Asn

AGU
}
Ser

U
AUC ACC




Thr
AAC AGC C

AUA ACA AAA
}
Lys

AGA
}
Arg

A
AUG∗ Met ACG AAG AGG G

G GUU GCU GAU
}
Asp

GGU U
GUC




Val
GCC




Ala
GAC GGC




Gly
C

GUA GCA GAA
}
Glu

GGA A
GUG∗ GCG GAG GGG G

the other three acting as stop signals. Two amino acid codons double

as initiation signals, by mechanisms that need not be examined here.

There being more codons than amino acids, it follows necessarily that

most amino acids are specified by more than one codon (up to six). There

are only two exceptions to this rule: methionine and tryptophan. This

peculiarity raises the question: Why so many synonyms? Why not a larger

number of amino acids, for example, or more stop codons? As will be seen,

there may be a historical reason for this.

Next to be noted is that the code is obviously not the result of a ran-

dom assignment of codons to amino acids; it has a structure. Synonyms

are grouped. In all cases, U and C are interchangeable in the third position.

The same is mostly true for A and G as well, except for the two amino acids

that have only one codon. For eight amino acids, all four bases are inter-

changeable in the third position. This relative lack of criticality is related

to the fact that the pairing between anticodons and codons often enjoys
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a certain looseness in the third position, so that the same anticodon can

pair with more than one codon. As a result of this phenomenon, known

as wobble, the number of tRNAs and, therefore, of anticodons is smaller

than the number of codons, usually lying somewhere between 35 and 45.

A more subtle feature of the code correlates the middle codon position

with the affinity of the R group for water: U in that position characterizes

the most hydrophobic (water-repellent) amino acids, followed by C for

more moderately hydrophobic molecules, and by A or G for the most

hydrophilic (water-attracting) ones. The presence of glycine in the latter

group does not contradict that correlation. With only a hydrogen atom

as R group, this amino acid may be said to escape classification based on

water affinity.

An even more searching analysis has revealed that the structure of the

genetic code seems to be such as to minimize the harmful consequences of

point mutations, that is, of mutations leading to the replacement of one

base by another in a message. When this happens, the relevant amino

acid often either is not changed in the corresponding protein or is re-

placed in it by an amino acid with similar physical properties so that the

protein remains functional. Computer simulations using hydrophobicity

as a measure of kinship among amino acids indicate that less than one in

a million possible codes could be superior in this respect (Freeland et al.,

2003). As will be seen below, this feature suggests that the genetic code

may be the product of selective optimization.

Birth of the Code. The seed of a genetic code is implicit in the scheme of

Figure 8.3. If this scheme is a valid model of incipient protein synthesis,

alignment of charged, peptidyl-exchanging proto-tRNAs along a proto-

mRNA by the pairing of proto-anticodons with proto-codons would have

taken place right from the start. For this feature to result in authentic

coding, all proto-tRNA molecules possessing the same anticodon would

have had to carry one and the same kind of amino acid. This condi-

tion would be most readily satisfied if proto-anticodons had been directly

involved in the mechanism whereby RNAs first interacted with amino

acids. As we have seen, this interaction is likely to have been specific.

So-called stereochemical theories of the origin of the code have indeed
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been proposed, in particular by the Japanese investigator Mikio Shimizu,

who has suggested, on the strength of molecular models, that anticodons

could have served to create pockets accommodating the corresponding

amino acids (Shimizu, 1982). This proposal does not seem to have been

followed, however, and is hardly mentioned in recent discussions of the

topic.

In fact, the most recent results suggest that codons, rather than anti-

codons, could have played a role in RNA–amino-acid interactions. As re-

viewed by the American investigator Michael Yarus, a pioneer in this field,

it has been found for three different amino acids (arginine, isoleucine, and

tyrosine) that RNA molecules that naturally bind the amino acids, or have

been engineered to display this property by in vitro selection, have an ab-

normally high frequency of codons specifying the amino acid situated

in the vicinity of the amino-acid-binding site (Yarus, 2000). Interestingly,

this kind of association would fit a proto-aminoacyl–tRNA synthetase of

RNA nature, such as was mentioned above. Should such a ribozyme have

bound its RNA substrate by means of a codon (see Figure 8.2), it would

indeed have joined the amino acid to an RNA molecule bearing the ap-

propriate anticodon.

Also possibly relevant to this abstruse problem is the fact that many

aminoacyl–tRNA synthetases recognize their tRNA substrates by identity

features different from the anticodons (see the end of the section “Protein

Synthesis Today” above). It is not known how old or recent these peculiar-

ities are. They could have been implicated as determinants of a “second

genetic code,” assumed to antedate the present one (de Duve, 1988).

A difficulty with any stereochemical theory of the origin of the ge-

netic code is that all twenty proteinogenic amino acids were almost

certainly not recruited for protein synthesis at the same time. It seems

much more likely that primitive protein synthesis started with a small

number of amino acids, possibly chosen among those that were most

abundant in the primitive gemisch, and that additional amino acids

were progressively introduced into the system after its main lineaments

had already been set. Codons would, nevertheless, always have con-

sisted of base triplets, imposed by the steric requirements of RNA align-

ment (see Figure 8.3). An ingenious model proposed by Eigen and
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Winkler-Oswatitsch (1981) postulates three stages, in which first one,

then two, and finally all three bases of the triplets become significant.

Wong (1975) has proposed another interesting model linking the coevo-

lutionary development of the genetic code and of amino acids to the

metabolic reactions whereby new amino acids may have arisen from the

primeval ones.

A major complication that besets all attempts at reconstructing the

history of the genetic code from currently available information is that

the code seems to be, at least in part, the product of a selection process.

A few words about this possibility, which raises fascinating questions, are

in order.

Selection of the Code. The term “frozen accident” (mechanism 5) was

invented by Crick to characterize the genetic code. It turned out to be a

double misnomer. The code is not accidental. And it is not frozen, to the

extent that a few deviations from the universal code have taken place in

the course of evolution. Crick thought this possibility to be ruled out be-

cause any mutation changing the significance of a codon would affect so

many proteins that at least one indispensable protein was bound to suf-

fer a fatal modification. It is significant in this respect that code changes

have been found mostly in mitochondrial genomes, which, being very

small, have a better chance than nuclear genomes not to include genes

for potential protein targets of the mutations. Even a number of microor-

ganisms, however, have now been found to deviate from the universal

genetic code. As reviewed by Osawa (1995), at least two possible mecha-

nisms exist whereby such changes could have occurred without harmful

consequences.

Such episodic occurrences have nothing to do, however, with what

is being considered here. What we are dealing with is an evolutionary

process in which enough different codes are put to the test of natural se-

lection for near-optimization to occur. Let us first consider the mutations

involved in such a process. For the code to be modified, either the anti-

codon of an RNA carrier or the nature of its attached amino acid must

be changed. Possible targets are the anticodon itself or other molecular

features of the carrier RNA involved in its interaction with the amino

acid or with the catalyst that links it to the amino acid (aminoacyl–tRNA
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synthetase in modern systems). Alternatively, the mutations could affect a

binding site in this catalyst, so that it recognizes another tRNA or another

amino acid (see Figure 8.2). Clearly, a large number of such mutations

must have taken place for the singularity to emerge from a true selective

bottleneck (mechanism 2).

The problem is that, for mutant protocells of this kind to be subject

to selection, they must be viable and able to compete with their unmu-

tated congeners on the strength of their long-term ability to withstand the

harmful consequences of point mutations. This is a highly restrictive con-

dition, because code changes usually have drastic consequences. They af-

fect all the proteins in which one or more molecules of an amino acid are

replaced by another as a result of the new coding. As mentioned above,

in modern systems such a situation is almost invariably lethal. For this

reason, tolerated mutations would be expected to be very rare. Yet, we

have just seen that they must have been numerous to allow selective op-

timization of protocells on the basis of resistance to mutations.

There is thus an apparent antinomy between the two conditions re-

quired for the alleged optimization of the genetic code by natural selec-

tion. Once again, intelligent design looms on the horizon.

Not so fast! There is a possible solution to the conundrum. Its name is

redundancy. In DNA genomes, this trait is most often reduced to mere du-

plication (e.g., paralogy, diploidy), with consequences that experience has

shown can be highly beneficial. But, in an RNA genome, genes and mes-

sengers are one and the same molecules, usually present in a number of

copies. In such a system, innumerable mutations may take place without

lethal effects. If one gene molecule and its translation product are dis-

abled, many other unharmed molecules remain to carry on the function

involved. There are plenty of opportunities for experimentation, even by

further modifications of disabled molecules, which would continue to be

synthesized. This, incidentally, is a powerful argument for assuming that

optimization of the code occurred very early in the development of pro-

tein synthesis, at a stage when the process was still dominated by RNA

molecules and the synthesized proteins were still very short and few in

number.

A system of this sort has not, to my knowledge, been studied by

theoretical modeling. I can only share my intuitive suspicion that it
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would allow some kind of coevolutionary development in which code

and functional products would be jointly subjected to selection. It seems

possible that this sort of genetic gemisch could have offered enough op-

portunities to blind selection for a near-optimal code to emerge.5

The Growth of Proteins

If there is any truth in the preceding considerations, the first proteins

must have appeared long before the genetic code had achieved its present

structure and must have played a key role in the selective process whereby

this structure was attained. This implies that even the primitive proteins

produced at this early stage must already have affected by their proper-

ties the ability of their protocells to survive and multiply. Catalysis was

likely the most important such property. Thus, the mechanism, men-

tioned in Chapter 3, whereby protein enzymes progressively took over

protometabolism must have started at that time.

The first proteins were almost certainly very short. If, as indicated

in the preceding chapter, the first RNA genes were on the order of 75

nucleotides long, their translation products would, at the most, have been

25 amino acids long, possibly even shorter if, as can be expected, the

molecules were not translated over their whole length. It thus appears that

protein molecules this short can display enzyme-like catalytic activities.

This point, which is sometimes disputed, is of some importance with

respect to the possible catalytic activities of the multimers proposed in

Chapter 3.

Many present-day proteins contain several hundred amino acids. Most

likely, these long molecules arose by gradual lengthening of the first prod-

ucts of protein synthesis, a consequence itself of the gradual lengthening

of the coding RNA molecules. As seen in the preceding chapter, the maxi-

mum length of an RNA molecule is probably set by the fidelity of its repli-

cation.6 In line with this requirement, the pace-setting event in protein

5 A point that may have to be taken into account is the historical factor. It is possible that
the genetic code owes its present structure at least partly to the manner in which amino
acids and codons were progressively recruited, rather than to selective optimization.

6 In first approximation, the length of an information-bearing polymer cannot exceed
the reciprocal of the replication error rate. If it does, the molecule irreversibly loses its
information upon repeated replication (Eigen and Schuster, 1977).
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evolution could well have been the progressive improvement in the accu-

racy of the replicating catalyst, presumably a protein enzyme that replaced

the primitive replicase.7 Given this condition, longer RNAs could survive

repeated replication, leading to longer proteins, among which, presum-

ably, more efficient enzymes would be present, enough for selection to

favor the protocells in which the changes took place. Thus, proteins would

have climbed from one level of complexity to another, bootstrapped, so

to speak, by the progress achieved by one of them, RNA replicase.

As to the mechanism of lengthening, what is known of the structure of

present-day proteins strongly suggests a combinatorial process in which

existing RNA stretches were associated in various manners, such that the

corresponding translation products consisted of combinations of existing

peptide chains. Proteins, indeed, show evidence of such an origin. They

often consist of domains, or motifs, that can be recognized, diversely

combined, in a number of different molecules. Needless to say, a vari-

ety of mutations would have been superimposed on this combinatorial

shuffling.

Interestingly, in present-day cells, especially of higher organisms, the

primary RNA transcription products of DNA genes frequently undergo

a process, known as splicing, in which certain segments, called introns,

are excised by hydrolytic cutting, and the remaining segments, called

exons, are respliced together to form the mature messenger. Catalytic RNAs

play a dominant role in this processing, which, next to protein synthesis,

represents the second major involvement of ribozymes in today’s life. It

is tempting to assume that this activity goes back to the early days when

RNA genes were first spliced into longer genes.

The notion, almost imposed by what is known, that proteins started

as short molecules that attained their present size by progressive length-

ening is highly relevant to an argument, known as the sequence space

paradox, that is often alleged by defenders of intelligent design against

the view that life originated naturally. The paradox rests on the kind of

calculation illustrated for RNA in the preceding chapter (see Table 7.1)

and now repeated for proteins.

7 The argument would remain valid if, as is sometimes implied in the RNA-world model,
the replicase had been of RNA nature (see footnote 2). At some stage, however, a protein
catalyst must have entered the scene.



P1: IBE
052184195Xc08.xml CB804-De Duve 0 521 84195 X June 30, 2005 0:44

108 SINGULARITIES

Table 8.2. Protein sequence space. Shown are
the numbers N of different amino-acid sequences
of length n and the total mass M of a set
containing a single molecule of each species.
Compare with Chapter 7, Table 7.1. The formulas
used for the calculations are

N = 20n, M =
N × n × 134

6.02252 × 1023

Mass of Earth = 6 × 1027 g; mass of Galaxy =
8 × 1044 g; mass of universe = 1.7 × 1056 g.

Length Number Total mass
n of sequences, M
(amino acids) N (g)

10 1.02 × 1013 2.28 × 10−8

20 1.05 × 1026 4.67 × 105

25 3.36 × 1032 1.87 × 1012

30 1.07 × 1039 7.17 × 1018

40 1.10 × 1052 9.79 × 1031

(1 600×Earth)
50 1.13 × 1065 1.25 × 1045

(Galaxy)
100 10130 2.22 × 10110

(1054 universes)

Consider a protein chain constructed, as proteins are today, with

twenty different kinds of amino acids. For the first amino acid, twenty

possibilities exist. If a second amino acid is added, the number of possible

resulting dipeptides is 202, or 400. It is 203, or 8000, for tripeptides, 204,

or 160 000, for tetrapeptides, in general 20n for a molecule of n amino

acids. This number defines the protein sequence space. Some calculated

sequence–space values are shown in Table 8.2 and converted, for easy

visualization, into the mass of a mixture containing a single representa-

tive molecule of every possible sequence. It is readily seen that the pro-

tein sequence space quickly reaches unimaginably high, materially im-

possible values. Even at the 50-amino-acid level, a collection of single

representatives of all possible sequences would reach the mass of our

Galaxy. For molecules containing several hundred amino acids, even the
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most gigantic “multiverse” conceived by cosmologists would not suffice.

It is on the strength of such figures that the defenders of intelligent design

claim that emerging life could not possibly have arrived at its proteins by

a random exploration of the sequence space; it must have been guided.

But that is not how things happened. Life, as we have seen, most likely

started with very short proteins, less than 25 amino acids long. Let us take

an average length of 20 amino acids. We see (Table 8.2) that the corre-

sponding sequence space contains 1026 possibilities, assuming, which is

far from certain, that all twenty proteinogenic amino acids were already

available for protein synthesis at that time. This number is large, but

not inordinately so. The same number of protocells, assumed to be the

size of a modern bacterium (1 �m in diameter), would, if they occupied

one-thousandth of the volume, fit in a moderate-size lake. Considering,

further, that the postulated selection process probably involved a large

number of successive protocell generations and that the mutation rate

of the RNA genes must have been very high, it is not inconceivable that

the early evolving protocells had the opportunity to subject to natural se-

lection most of the possible sequences contained in the sequence space,

with a state near optimization as outcome. This is all the more likely in

that this phase probably coincided with a good part of the process of code

selection (see above) and must, therefore, have lasted a very long time.

There is a weakness in the above calculation. It is not the protein

sequence space that was explored, but the RNA sequence space, which

is ten orders of magnitude larger: 460, or 1.3 × 1036, for a chain of 60

nucleotides, the minimum length to code for a 20-amino-acid protein.

All the oceans in the world would not suffice to house this number of

protocells. The difference between the two spaces is obviously due to

the fact that the same amino acid is most often represented by more

than one codon in the genetic code. Consequently, the same protein may

be encoded by a huge number of different RNA sequences. This means

that exploration of the protein space by way of the RNA space, though

less exhaustive than it would be if it occurred directly, would still be very

extensive in most cases. Note that if a smaller number of amino acids had

been used for protein synthesis at that time, as seems likely, complete

exploration of the spaces would have been considerably easier.



P1: IBE
052184195Xc08.xml CB804-De Duve 0 521 84195 X June 30, 2005 0:44

110 SINGULARITIES

Some of the sequences put on trial at the stage considered must have

been useful to the proliferation of their protocellular owners and thereby

become selected.8 As we saw in Chapter 3, a number of primitive enzymes

and ribozymes may have emerged in that way. Two activities, in particular,

were critical. One was the ability to replicate RNA more accurately, with-

out which lengthening of the molecules would not have been possible.

The other, if it did not already exist, was the ability to splice RNA segments

together (ligase activity). As mentioned above, this activity was probably

the main instrument of RNA lengthening.

With those two conditions fulfilled, longer molecules could have been

tested, with as new size limit the length set by the error rate of the

improved replicating catalyst. The sequence space available for this kind

of exploration would, however, not have comprised all the possible se-

quences of this size (Table 8.2), but only those that could be constructed by

combination of the RNAs retained in the first round and their mutants.

Housed in protocells selected by virtue of the advantages they derived

from their RNA genes, the molecules available for combination would

perforce have been present in a limited number of varieties, small enough

to allow subjecting the vast majority of combinatorial possibilities to

natural selection. The same succession of combination followed by se-

lection may be expected to take place with every improvement in repli-

cation accuracy. The result is selective optimization without the help of

a guide. Figure 8.4. shows a highly simplified representation of such a

process.

The above description, needless to say, is an extremely gross approx-

imation of what may have taken place in reality. But it should suffice

to illustrate how proteins could have arisen and developed by a natural

8 An interesting question concerns the manner in which useful mutations were allowed
to spread. If transfer was exclusively vertical, that is, generational, useful mutations
must have followed each other serially in the course of successive selection events.
If, as several authors have recently claimed (see Chapter 14), horizontal gene transfer
took place at a high rate at that time, advantageous innovations could rapidly have
been shared by neighboring protocellular populations, thus speeding up evolution. Such
sharing of genes cannot, however, have been so extensive as to interfere with Darwinian
competition, an essential condition of selection.
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2020 = 1026 20-mers

Amino acids

1020 40-mers

1010 20-mers

1020 80-mers

1010 40-mers

1010 80-mers

Selection

Selection

Selection

Random Synthesis

Combination

Combination

Figure 8.4. Principle of the modular lengthening of proteins. The diagram shows in
highly schematic form how successive cycles of modular combination (by way of
RNA genes) and selection may lead to very long protein molecules by a pathway
that allows exhaustive exploration of the available sequence space at each stage.

process depending, once again, on the testing by natural selection of a

sufficiently wide range of possibilities to allow something close to an op-

timal outcome to emerge. It is noteworthy that this same conclusion has

been reached, on objective grounds, whether RNA or protein sequences

are considered.
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9 DNA

DNA, or deoxyribonucleic acid, consists, like RNA, of long polynu-

cleotide chains assembled from four different kinds of mononucleotide

units. There are two differences. First, ribose is replaced in DNA by

2-deoxyribose, which corresponds to ribose minus the oxygen atom in

position 2 of the molecule. The second difference is the replacement of

uracil by thymine, which is uracil with an added methyl group (CH3).

This modification does not affect the ability of the molecule to pair with

adenine.

In contrast to RNA, almost all the DNA in nature is in double-stranded

form, known worldwide as the double helix. Single-stranded DNA is found

only in a few rare viruses. Intriguingly, the exact opposite occurs with

RNA, which is almost always single-stranded, except in some rare viruses.

The replication of DNA takes place in the same way as that of RNA.

The precursors are the deoxyribonucleotide triphosphates, which are dis-

tinguished from their ribonucleotide congeners by the prefix d: dATP,

dGTP, dCTP, and dTTP. Base pairing rules the process, as for RNA, ex-

cept that A pairs with T instead of with U. The double-stranded nature of

the template does, however, introduce a number of complications, which

are solved by the participation of unwinding and rewinding enzymes

(helicases, gyrases, topoisomerases). In addition, because the two DNA

strands have opposite polarities and replication obligatorily follows the

112
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template in only one direction (from its 3′ end to its 5′ end), one strand is

replicated by a continuous process, generating what is called the leading

strand, whereas the other strand is replicated discontinuously into a series

of short stretches (Okazaki fragments) that are assembled in a direction

opposite to the direction of assembly of the leading strand and are later

joined together by a ligase, to form the lagging strand. Finally, DNA repli-

cation is further controlled by “proofreading” enzymes in such a way that

most mismatches are detected and suppressed before they become part

of the structure. Thanks to this control, the fidelity of DNA replication is

orders of magnitude greater than that of RNA replication, amounting to

the fantastically low error rate of one wrongly inserted deoxynucleotide

in about one billion.1

The Birth of DNA

In nature, the building blocks of DNA arise from those of RNA. Deoxyri-

bose is formed by the reductive deoxygenation of ribose, and thymine by

the methylation of uracil. Both processes involve nucleotide derivatives,

which are most often the nucleoside diphosphates for the reduction of

ribose and dUMP for uracil methylation (to dTMP). It is tempting to as-

sume that, in the origin of life, deoxyribose likewise arose from ribose, and

thymine from uracil, although possibly by different mechanisms. At first

sight, one could imagine that such simple reactions might have occurred

early in protometabolism and that the DNA constituents already existed

in the primeval gemisch. Note, however, that the apparent simplicity of

the reactions is deceptive. In the present world, the conversion of ribose

to deoxyribose and that of uracil to thymine are catalyzed by fairly com-

plex enzyme systems. The possibility cannot be excluded, therefore, that

the chemical makings of DNA appeared late, when a number of enzymes

had already been developed.

Once deoxyribonucleoside triphosphates (dNTPs) were available, it

is likely that their assembly into DNA-like chains would have followed

1 This astonishing figure is equivalent to the performance of a typist copying the Concise
Oxford Dictionary some fifty times, making a single mistake.
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fairly rapidly, at least in a world where RNA was already being synthe-

sized and replicated. Such an event could have required only minor inno-

vations, if any. The primitive catalyst involved in RNA replication could

very well, without much change, have constructed a complementary DNA

molecule, instead of a complementary RNA molecule, on an RNA tem-

plate (reverse transcription).2 Once DNA molecules were on the scene,

the same catalyst could, again without much change, have catalyzed the

replication of these molecules as well as their transcription to RNA.

We are thus led to visualize a situation, set forth by the appearance of

deoxyribose and thymine, in which the genetic information could have

flowed fairly freely and reversibly between RNA and DNA. The question

arises as to what selective forces favored the deviation of the two nucleic

acids into entirely different functional directions.

Why DNA?

In order to address this question, let us look at a typical present-day exam-

ple, the bacterium Escherichia coli, a common denizen of the human gut.

It has some four billion years of evolution behind it, but the main lines

of its genetic organization may well go back to the common ancestor of

all life on Earth.

In E. coli, all the DNA of the cell is contained in a single, circular,

double-stranded molecule, or chromosome, of about three million base

pairs. More than one thousand distinct genes follow each other in this gi-

ant molecule, separated by untranscribed stretches, many of which have

regulatory functions. Shortly before cell division, replication of this struc-

ture is initiated, starting at a specific site, called the origin of replication,

and proceeding all around the template circle to finally join the starting

point by the back, where a last bond closes the new circle and frees it

from the template. At cell division, each daughter cell takes one of the

two circles.

2 This reaction does not take place in normal cells. It occurs in cells infected by certain RNA
viruses that reproduce their genomes by way of DNA, thanks to a virus-specific enzyme
named reverse transcriptase. Called retroviruses, these viruses include the infamous agent
of the acquired immunodeficiency syndrome (AIDS) and a number of cancer-causing
viruses.
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In between two replication cycles, the DNA is subject to transcription

into RNA molecules, which, except for a few functional RNAs, such as

those involved in protein synthesis, are further translated into proteins.

A key property of transcription is regulated selectivity. Each gene or, some-

times, group of neighboring genes (operon) is transcribed at a specific rate,

which depends in complex fashion on internal and external conditions.

This regulation is accomplished by special proteins, called transcription

factors, that bind to specific, strategically situated sites of the DNA and

there turn on or off, or enhance or slow down, the transcription of the

genes governed by the sites. Still relatively simple in E. coli and other bac-

teria, transcriptional regulation becomes increasingly complex in higher

organisms, where, among other functions, it plays a fundamental role in

cell differentiation and embryological development.

Contrast this situation with that supposed to have existed at an early

stage in the development of life, when there was no DNA, and RNA served

both as replicable repository of genetic information and as agent in the

expression of that information. The advantages brought about by DNA

are staggering.3 Replication has become an orderly affair, in which single

copies of every gene are made together at a precisely set time. Transcrip-

tion, on the other hand, is entirely dissociated from replication and is

regulated at the single-gene level.

This is not all. In present-day cells, transcription most often involves

only one of the two DNA strands, producing a single-stranded RNA free

to adopt highly complex and functionally versatile configurations, in

contrast with DNA, which is shackled into the rigid, unreactive double-

stranded conformation. Things must have been very different when RNA

played both roles. In fact, it is difficult to imagine a situation in which

3 The primary advantage of DNA over RNA as a genetic material is frequently stated to be
the greater chemical stability of DNA (see, for example, Joyce, 2002). The presence of
a hydroxyl group in position 2′ of ribose does indeed increase the sensitivity of the
adjacent 3′–5′ phosphodiester bond to hydrolysis. But this is true mainly in alkaline
media. DNA is the more fragile molecule in acid media, where it readily loses its purine
bases. This trait is exploited in the colorimetric Feulgen reaction for the detection of
DNA. What seems to me important in DNA is not so much its chemical nature but the
functions it fulfills. It allows replication to be synchronized and to be dissociated from
transcription, with, as added benefit, the possibility of selective transcription control.
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a number of short RNA strands could be replicated continually in more

or less haphazard fashion without becoming irremediably entangled into

double-stranded associations with their replication products and there-

fore unable to accomplish any function, such as initiating protein synthe-

sis. The problem is very real, for RNA strands complementary to mRNAs

(antisense RNAs) are being used successfully to inhibit the expression

of certain specific genes. Yet, if there is any truth in the widely accepted

model of an RNA-dominated world, nascent life must have traversed such

a stage without mishap. How it managed to do so poses an intriguing

problem for future research.

Directly replicating,4 single-stranded RNA viruses give us a hint as to

how things could have happened. When such a virus infects a cell, its

RNA is first replicated into a double-stranded structure called the replica-

tive form. The enzyme that catalyzes this process (RNA replicase) is not

provided by the host cell; it is encoded by the viral RNA. There are two

possibilities. In one (polio virus, for example), the viral RNA, known as

a plus strand, acts as messenger. It is translated by the cell to give the

replicase, which then starts to function. In the other case (measles, for

example), the viral RNA is a minus strand and must first be replicated

to the complementary plus strand for translation into the enzyme. Such

viruses carry the required replicase to start the job. In both cases, a double-

stranded replicative form serves as template for replication and for the

preferential formation of plus strands serving in the translational syn-

thesis of viral proteins. We thus have a situation resembling the normal

DNA–RNA relationship, with double-stranded RNA playing the role of

DNA and single-stranded RNA that of RNA. Perhaps an arrangement of

this kind emerged early, creating some order in what would have been

utter chaos and retained by selection thanks to this advantage.

When DNA?

Whichever way DNA first appeared, the functional separation allowed by

this event must have been a tremendous improvement, favored by very

4 Indirectly replicating RNA viruses are the retroviruses mentioned in footnote 2 of this
chapter.
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strong selective forces. One would be tempted to assume that DNA took

over as soon as its appearance became chemically possible. One would

have thought so, but for the possibility, raised in the preceding chapter ,

that the high degree of redundancy provided by bifunctional RNAs may

have permitted the early selections that led to optimization of the genetic

code and to the appearance of the first enzymes. We may thus visualize a

stage of some confusion, in which redundancy (RNA) and centralization

(DNA) vied on the strength of the selective benefits each conferred upon

the protocells involved.

As we know, DNA ended up the winner. But this may have happened

only after emerging life had developed its final genetic code as well as

its first enzymes. Even the process of gene lengthening mentioned in the

preceding chapter could still have involved RNA genes, as is suggested by

the role of ribozymes in RNA processing today. This argument, however, is

weak, because enzymes that cut and ligate DNA stretches also exist. In any

event, it is obvious that DNA did not suddenly come to reorganize genetic

relationships as by the stroke of a magic wand. There must have been a

long intermediary period during which DNA, helped by natural selection,

progressively took over the replicative storage function of RNA, leaving

the latter to continue providing ribozymes and, especially, messengers for

the synthesis of proteins.
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10 Membranes

Cells owe their individuality to their being entirely surrounded by a thin

molecular “skin,” or membrane. Let this outer envelope be torn, and the

semifluid cellular content leaks out; the cell dies. In addition, the inside of

eukaryotic cells (see Chapter 15) and of some prokaryotic cells is further

partitioned into a number of membrane-bounded compartments. All bio-

logical membranes are built according to the same blueprint, yet another

of the remarkable chemical singularities that characterize life.

The Universal Fabric of Membranes

The basic fabric of all membranes is the lipid bilayer, a bimolecular layer

consisting of molecules typically made of a three-carbon core or skeleton

to which are attached, on one side, two long tails composed exclusively

of carbon and hydrogen and, on the other, a head containing a vari-

ety of substances that share the property of being electrically charged or

polarized:

CH3

CH3

C

C

headC

(1)
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Such molecules are known as amphiphilic (literally, having two loves),

by which is meant that their two ends have very different affinities for wa-

ter. The head is hydrophilic (water-loving); it tends to bind water molecules

by electrostatic attractions, that is, those created by the so-called Coulomb

forces, whereby electric charges of opposite sign attract each other (and

charges of the same sign repel each other). This joining stems from the

fact that the water molecule, although uncharged, is electrically polarized,

with the oxygen atom protruding on one side and forming the negative

pole, and the two hydrogen atoms creating two neighboring, positive

poles on the other. Note that this structure makes the water molecule it-

self hydrophilic. Water molecules tend to bunch together in a disorderly

network, held by electrostatic attractions linking the negative pole of one

molecule to a positive pole of another, and so on. This is what makes

water liquid. But for this property, water would be gaseous at even very

low temperatures.

The tails of the bilayer constituents are hydrophobic (water-hating).

Actually, this denomination is incorrect. Hydrophobic groups do not ac-

tually repel water. They are indifferent to it, leaving its molecules free to

cluster by electrostatic attractions. At the same time, hydrophobic groups

are attracted to each other – they are often called lipophilic (fat-loving)

for this reason – by weak forces known as van der Waals forces. This,

basically, is why oil and water don’t mix. Oil molecules stick together

by van der Waals attractions, water molecules by Coulomb attractions,

with essentially no mutual interference. It is said that they exclude each

other.

When shaken with water, amphiphilic molecules spontaneously orga-

nize in a manner that best satisfies the conflicting requirements of their

hydrophilic heads and of their hydrophobic tails (by which is meant,

of course, that they adopt the configuration of lowest energy). Micelles,

foams, and bubbles are structures of this kind. The lipid bilayer is the

favored configuration with the constituents of biological membranes. In

this structure, two monomolecular layers join by their hydrophobic faces,

creating an inner, oily film, lined on both sides by the hydrophilic heads

in contact with water:
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water

water

oily film

As will be mentioned below, such structures automatically close into

saclike vesicles, so that the bilayer separates two watery milieus, occupy-

ing the inside and the outside of the vesicle.

By far the most common membrane constituents are phospholipids,

in which the head [see formula (1)] is made of a negatively charged phos-

phate group, which, in a number of cases, is itself linked with a positively

charged basic molecule, such as choline or ethanolamine. Also found in

many membranes are glycolipids, in which the head consists of a carbo-

hydrate derivative, sometimes associated with an acidic group, such as

sialate or sulfate.

The three-carbon core of the molecules is most often the trialcohol

glycerol, except in sphingolipids, in which the long-chain amino alcohol

sphingosine provides both the core and the upper hydrophobic tail.

In the membranes of all eukaryotic cells and of all prokaryotes classi-

fied as Bacteria, the hydrophobic tails usually belong to long-chain fatty

acids linked to the core by ester bonds (or by an amide bond, when linked

to sphingosine, which, as mentioned above, also provides one of the hy-

drophobic tails). In Archaea, on the other hand, the hydrophobic tails be-

long to polyisoprenoid alcohols attached to the core by ether bonds (Kates,

1992). This is a major difference between the two prokaryotic domains.

So is the fact that the central glycerol molecule has opposite chiralities in

the two kinds of lipids (see Figure 10.1).

Biological membranes owe a number of distinctive properties to the

physical characteristics of the lipid bilayers that form these membranes.

One such property is flexibility. Because the forces that hold the hydropho-

bic tails of the bilayer molecules together are weak, these molecules can

readily slide along each other, in semifluid fashion, or otherwise modify

their mutual relationships, allowing the film itself to adopt a wide variety
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O

O

O−

O-CH2

O-CH

C

C

O

H2C-O-P-O−

O

O−

H2C-O

HC-O

−O-P-O-CH2
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Figure 10.1. Two kinds of phospholipids. On top is shown an ester phosphatidic
acid consisting of two palmitic acid molecules attached by ester bonds to L-glycerol
3-phosphate. Below is shown an ether phosphatidic acid, consisting of two phytane
alcohol molecules attached by ether bonds to D-glycerol 3-phosphate.

of shapes. Thus, membranes have the ability to fold and mold them-

selves around almost any object, even when reinforced by intercalated

lipids, such as cholesterol, or by proteins (see below). In some archaeal

prokaryotes, especially adapted to very harsh environmental conditions,

this flexibility is limited by inter-tail bonds that render the structure more

rigid.

Another important property is self-sealing. Lipid bilayers and the mem-

branes arising from them have a strong, inherent tendency to form closed

sacs, or vesicles. Thanks to the self-sealing property of bilayers, a small

needle can be inserted into a cell and withdrawn again without damage,

as is done in a number of genetic manipulations. Also, when membrane
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patches come close enough to each other, they may join and reorganize,

leading either to fission of a single structure into two closed vesicles or,

alternatively, to fusion of two vesicles into a single one. We shall see that

this propensity of membranes for fission and fusion underlies many fun-

damental cellular processes, such as endocytosis, exocytosis, and vesicular

transport (see Chapter 15).

In all biological membranes, the basic phospholipid bilayer fabric is

enriched in various ways. The inner, fatty film of the bilayer often pro-

vides shelter for a number of hydrophobic molecules. Some of these have

a rigid structure and a shape well adapted to establish cooperative at-

tractions of van der Waals type with the bilayer molecules, thus playing

an important reinforcing role. Such is the case, notably, of cholesterol,

which is an obligatory constituent of the outer membrane of all eukary-

otic cells, including ours, and, as such, hardly deserves the opprobrium

often too categorically inflicted on it.1 Cholesterol is lacking in prokary-

otes, where it is replaced by a variety of analogues. Most prominently,

all natural membranes contain a variety of specialized proteins of crucial

importance.

Membrane Proteins

Proteins are able to associate with lipid bilayers because several of the

amino acids used for protein synthesis have hydrophobic R groups. When

a large enough number of such amino acids are present close together

in a given stretch of the protein chain, they form a short, rod-shaped

segment sufficiently hydrophobic to be accommodated by the bilayer. If

such a segment ends the chain, it serves as anchor, with the bulk of the

molecule hanging from one or the other face of the bilayer. If a hydropho-

bic segment is situated inside a protein chain, it can form a transmem-

brane bridge, with the two parts of the molecule separated by the segment

1 The importance of cholesterol is illustrated by the fact that any alimentary in-
sufficiency of this substance is automatically compensated in the organism by en-
dogenous synthesis, a process subject to very precise regulation. The fact remains
that cholesterol excess, especially associated with low density lipoproteins (LDL), the
so-called “bad” cholesterol, represents a nonnegligible risk factor of cardiovascular
trouble.
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protruding on opposite faces of the bilayer. Finally, if, as is often the case,

more than one such segments follow each other along the protein chain,

the molecule will snake in and out across the bilayer, with both ends com-

ing out on the same face or on opposite faces of the bilayer, depending

on whether the number of hydrophobic segments is even or odd.

Membrane proteins have multiple functions. Some are enzymes, act-

ing, for example, on hydrophobic substrates, such as fatty acids, which

tend to segregate within the lipid bilayers, or on membrane-linked sub-

strates. Thus, the progressive assembly of the oligosaccharide side chains

of membrane glycoproteins (see below) is carried out by membrane-linked

enzymes. A particularly important group of membrane-embedded cata-

lysts comprises the components of respiratory chains and of photosyn-

thetic centers (see Chapter 11).

Transporters are another important group of membrane proteins. Lipid

bilayers are, in spite of their extreme thinness – about 6 nm – highly

efficient barriers, impermeable to the majority of water-soluble sub-

stances. To cross the inner lipid film of the bilayer, a water-soluble sub-

stance must exhibit a sufficient degree of lipophilicity to be able to pass re-

versibly between water and lipid in appreciable amounts. Small molecules

with mildly hydrophilic groups, such as ethanol, the common alcohol,

have this property. Most exchanges of matter across biological membranes

are mediated by proteins, which either simply facilitate the passage of

substances in the thermodynamically favored direction from higher to

lower concentration (permeases) or force them in the opposite direction

with the help of ATP-derived energy (see Chapter 4). When such active

transport systems act on electrically charged substances, they are usually

called pumps. They create membrane potentials, that is, electric charge

disparities between the two areas separated by the membrane. Such dis-

parities, involving sodium (Na+), potassium (K+), or chloride (Cl−) ions,

play a key role in nervous conduction. When they involve protons (H+),

they serve to acidify certain sites (lysosomes, gastric juice) and, especially,

help generate – or, more frequently, exploit – protonmotive force (see

Chapter 12).

Some transporters act as translocators of proteins across membranes.

It is by such mechanisms that bacteria secrete proteins (exoenzymes)
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in their surrounding medium and that eukaryotic cells steer proteins

synthesized by cytosolic ribosomes to their cellular sites, such as mito-

chondria, chloroplasts, or elements of the cytomembrane system (see

Chapter 15). These mechanisms are directed by special sequences of the

protein molecules that serve as labels of their final destination.

Yet another class of membrane proteins is represented by receptors,

which bear specific groups that have the ability to bind certain defined

substances and to respond to this binding in a functionally relevant fash-

ion, such as translocation of the bound substance across the membrane

or its ferrying from one site to another by some form of membrane-

dependent bulk transport, for example, endocytosis or vesicular transport.

A particularly important category of receptors acts in communication.

These receptors bind certain substances present on one side of a mem-

brane and, when doing so, undergo a conformational change such that a

significant effect is triggered on the other side of the membrane. This is

how, for example, cells respond internally to certain external agents, such

as hormones, neurotransmitters, or drugs, that are unable to cross mem-

branes. Surface receptors often consist of glycoproteins, which extend

their carbohydrate side chains to the outside like miniature, molecular

antennae.

The Birth of Membranes

In present-day life, the glycerol 3-phosphate molecule that forms the

three-carbon core and phosphate head of the large majority of phospho-

lipids (see Figure 10.1) arises by reduction from the corresponding ketone,

dihydroxyacetone phosphate, a glycolytic intermediate. Note that two

distinct chiral forms of the molecule can arise in this way, thus accounting

for one of the differences between ester and ether lipids:

CH2OH 
(+2 H)

HO-C-H

CH2–O– P 

CH2OH
(+2 H) 

C     O

CH2–O– P 

——

 CH2OH

H-C-OH

CH2–O– P

L-glycerol-3– P

(ester lipids)

Dihydroxyacetone– P

(glycolysis)

D-glycerol-3– P

(ether lipids)

(2)
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CoA-S-CO-CH3 CoA-S-CO-CH2-COOH

HCO−
3

ATP ADP + Pi ACP-SH

ACP-SH ACP-S-CO-CH2-CO-(CH2)n-CH3 + CO2
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CoA-SH
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(1) (2)
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Figure 10.2. Fatty acid synthesis. In step 1, acetyl coenzyme A is carboxylated to
malonyl coenzyme A with the help of energy provided by the splitting of ATP to
ADP and inorganic phosphate. This reaction takes place by sequential group trans-
fer (see the section “Group Transfer . . .” in Chapter 4), with carboxyl phosphate as
double-headed intermediate and biotin serving as carrier of the carboxyl group.
In step 2, the malonyl group is transferred from coenzyme A to the thiol group
of the phosphopantetheine prosthetic group of acyl-carrier protein (ACP). In step
3, the growing fatty acid chain is transferred from its ACP carrier to the methy-
lene group of malonyl ACP, with release of carbon dioxide and formation of a �-
ketoacyl ACP derivative elongated by two carbon atoms. In step 4, this derivative is
reduced with NADPH as electron donor, giving rise to the corresponding saturated
acyl ACP, ready to participate in a new elongation cycle (step 5). Note that n is an
even number. It equals zero at the start of synthesis, the donor in step 3 being acetyl
coenzyme A.

Long-chain fatty acids, which make up the tails of ester lipids, are

assembled by the successive addition of two-carbon acetyl units, with

coenzyme A or pantetheine phosphate (see “Thioesters and Group Trans-

fers” in Chapter 6) as carrier. The mechanism involved is shown schemat-

ically in Figure 10.2. It has several peculiarities. First, fatty acids, like pro-

teins (see “Protein Synthesis Today” in Chapter 8), grow by their heads,

while always remaining attached to their carrier. This can be seen in step

3 of Figure 10.2, in which the growing chain is transferred to the newly
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added acetyl unit (rather than the opposite). A second, particularly im-

portant peculiarity of the process is that formation of the carbon–carbon

bond involved in this transfer requires more energy than is made avail-

able by the thioester bond consumed in the reaction. This thermodynamic

hurdle is overcome by the prior attachment of a carboxyl group to the

receiving methyl end of the acetyl group, which is thereby converted to

a malonyl group (step 1). This carboxyl group is released back as carbon

dioxide concomitantly with the transfer reaction, so that the energy of

decarboxylation is added to the energy of splitting of the thioester bond

to support the formation of the carbon–carbon linkage in the growing

chain (step 3). Carboxylation (step 1) takes place by a typical sequential

group-transfer mechanism, with biotin (vitamin H) as carboxyl carrier.

Finally, it will be noted that pantetheine phosphate serves as acyl carrier

in two distinct forms, as part of the soluble coenzyme A for transport and

as the protein-linked prosthetic group of acyl-carrier protein (ACP) for

catalysis.

Coenzyme A also serves as acyl carrier in the synthesis of the ester

bonds whereby fatty acids are linked to glycerol 3-phosphate, forming

phosphatidic acids (see Figure 10.1). The acyl–coenzyme A derivatives

may arise directly by transfer of the newly completed acyl group from

the acyl-carrier protein to coenzyme A (see Figure 10.2). More frequently,

free fatty acids are attached to coenzyme A by sequential group transfer

dependent on AMP transfer from ATP [see reaction (15) in Chapter 6].

Note also that if the phosphoryl group of a phosphatidic acid is replaced

by a fatty acyl group, then a triester of glycerol, or triglyceride, is obtained.

This is the basic structure of the principal animal and vegetable fats and

oils, a major reserve substance in the living world.

The long-chain alcohols that make up the hydrophobic tails of ether

lipids (see Figure 10.1) arise by the successive addition of five-carbon

units provided by a pyrophosphorylated precursor, isopentenyl pyrophos-

phate, which may also react as its isomer, dimethylallyl pyrophosphate:

CH2 CH3 

CH3-CH-CH2-CH2-O-P-O-P-O−             CH3-CH=CH-CH2-O-P-O-P-O−

O

O−

O O O

O−O−O−

isopentenyl pyrophosphate dimethylallyl pyrophosphate
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-O- PP

HO- PP(1)

HO- PP(3)

(4)

(2)

-O- PP

-O- PP

-O- PP -O- PP

-O- PP

-O- PP

Figure 10.3. Isoprenoid synthesis. In step 1, the dimethylallyl group of dimethylal-
lyl pyrophosphate, on the left, is transferred to the isopentenyl pyrophosphate, on
the right (see text for complete molecular structures), with release of inorganic py-
rophosphate. In step 2, the isopentenyl head of the 10-carbon molecule formed is
isomerized to the dimethylallyl configuration, ready to be transferred (step 3) to a
new isopentenyl pyrophosphate, with release of inorganic pyrophosphate and for-
mation of a 15-carbon chain. Isomerization of this molecule takes place again in
step 4, preparing another elongation round that will give rise to a 20-carbon chain.
Double bonds are subsequently reduced to a greater or lesser extent.

As shown in Figure 10.3, the growing chain with a dimethylallyl end is

donated, with release of inorganic pyrophosphate, to an isopentenyl py-

rophosphate molecule, which subsequently isomerizes to the dimethylal-

lyl configuration before donation of the elongated chain to a new isopen-

tenyl pyrophosphate molecule. This process continues until completion

of the chain. The double bonds are later reduced to a greater or lesser ex-

tent, following which the long-chain alcohol (for example, the 20-carbon

phytanol molecule shown schematically in Figure 10.1) is donated to a
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hydroxyl group of the glycerol 3-phosphate molecule, again with release

of inorganic pyrophosphate. It will be noted that, once more, the chain

grows by its head. Also noteworthy is that we encounter here one of the

rare cases in which a biosynthetic intermediate is activated in pyrophos-

phorylated form (see the section “Group Transfer . . .” in Chapter 4). This

form, incidentally, is not produced by pyrophosphoryl transfer from ATP,

but by two successive phosphoryl transfers.

The mechanism of Figure 10.3 is of truly central biological impor-

tance. It is involved in the synthesis of a very large number of biolog-

ical molecules in addition to the hydrophobic chains of ether lipids.

Among these molecules, which make up the large family of isoprenoids,

are phytol, a side chain of the chlorophyll molecule; quinone electron

carriers (see Chapter 11); long lipid-soluble chains that serve to anchor

certain proteins and other water-soluble molecules; vitamin A and other

carotenoids, including visual pigments, as well as other lipid-soluble vita-

mins (D, E, K); cholesterol and the other derivatives of the sterol nucleus,

including corticosteroids and sex hormones; latex, the parent substance

of rubber; and the innumerable essential oils that confer their fragrances

on aromatic leaves and flowers. In fact, no organism devoid of isoprenoid

molecules exists in the entire biosphere.

As to the parent isopentenyl nucleus, it arises, in most organisms, from

a key component, known as mevalonic acid, which itself forms from three

coenzyme-A-linked acetyl groups.2 At this level, therefore, fatty acids and

isoprenoids share a common origin.

Faced with the existence of two entirely distinct kinds of membrane

phospholipids, we are naturally led to ask which came first. This ques-

tion is directly related to the phylogeny of prokaryotes, because, as men-

tioned above, Bacteria (and eukaryotes) have ester lipids in their mem-

branes, whereas Archaea have ether lipids. This problem will be discussed

in Chapter 14.

2 In certain bacteria and in the chloroplasts of algae and plant cells, the synthesis of the
isopentenyl nucleus takes place by a different pathway, involving carbohydrate con-
stituents (Rohmer, 1999; Rohmer et al., 2004). I am indebted to Guy Ourisson for having
drawn my attention to this fact.
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Looking at the question in the framework of present-day biochemistry,

one is first struck by the fact that isoprenoids are much more “interesting”

than fatty acids: they include electron carriers, photoreceptors, vitamins,

hormones, pigments, scents, and other biologically valuable substances,

whereas almost the only virtue of fatty acids is to store energy in com-

pact form. As every diet-conscious person knows, the combustion of fat

releases twice as many calories per unit weight as that of carbohydrates

or proteins. Second, the biosynthesis of isoprenoids is simpler than that

of fatty acids, which, as we have seen, require a complex, dual activa-

tion mechanism for their making. It is thus tempting to assume that iso-

prenoids came first. This is the thesis vigorously defended, largely on the

strength of fossil evidence, by the French chemist Guy Ourisson (Ourisson

and Nakatani, 1994). Recognizing that actual phospholipids may not have

arisen readily under prebiotic conditions owing to the complexity of their

polar heads, Ourisson has proposed that the first amphiphilic molecules

may have been simple phosphate esters of isoprenoid alcohols; these have

been synthesized and have indeed been found to form membranes and

vesicles.

The American investigator David Deamer (1998,) while accepting

Ourisson’s thesis with respect to early life, doubts that it is relevant to

the prebiotic situation, which, he believes, may not have been conducive

to the formation of isoprenoids. He proposes, instead, that the first bilay-

ers may have consisted of fatty acid molecules. Deamer has found that the

Murchison meteorite contains amphiphilic substances capable of form-

ing vesicles. One of these substances has been tentatively identified as

a nine-carbon fatty acid, which, when prepared synthetically, has been

seen to assemble into vesicles under certain conditions. The possibility

that the first membranes may have consisted of simple fatty acids has

been advocated by other investigators (Hanczyc et al., 2003), who have

made the interesting observation that the formation of vesicles from fatty

acid micelles is catalyzed by montmorillonite, a clay mineral.

Not all models proposed for the first membranes call on lipid bilayers.

The late American biochemist Sidney Fox, one of the pioneers of origin-

of-life research, is famous for having, in the 1950s, condensed mixtures

of amino acids by dry heat into what he called “proteinoids,” which,
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when exposed to water, gave rise to vesicular structures, or microspheres

(Fox, 1988). Fox, who died in 1998, devoted the rest of his career to the

study of these microspheres, which he believed to be models of the first

protocells and for which he made increasingly wild claims of lifelike prop-

erties. The resulting discredit that has fallen on his work should not, how-

ever, extend to the possibility, which seems plausible, that the earliest

membranes could have been formed by peptides. It has also been sug-

gested that the early membranes may have consisted of mineral films, of

metal sulfides, for example (Martin and Russell, 2003).

The possibility that my hypothetical multimers may have played a

role in early membrane formation also deserves to be considered. If the

relative abundance of amino acids at the time life started was anything

like that found in meteorites or in Miller’s flasks, they would have in-

cluded many more hydrophobic than hydrophilic molecules. Thus, the

multimers derived from these amino acids would have been predomi-

nantly hydrophobic. Such molecules could have fitted into primitive bi-

layers. Or they could, perhaps, even have assembled into membrane-like

structures.

All these speculations may be entertained because it is very possi-

ble that the first membranes were of simple structure and that phospho-

lipid bilayers replaced the early fabric at a later stage. This possibility

fits in with what is known of membrane formation today. In present-

day cells, membranes never arise de novo; they grow by accretion, that is,

by the insertion of new molecules into a preexisting fabric. Thus, mem-

branes come from preexisting membranes, linked by uninterrupted fil-

iation to an ancestral membrane that may go back to the earliest days

of life on Earth. This kind of development allows for an evolutionary

process in which the original components of the membranes have long

disappeared, to be replaced by more elaborate molecules as metabolic

capabilities grew, up to today’s phospholipids and other complex

constituents.

The problem of membrane formation is intimately linked to the ap-

pearance of the first cellular structures. The timing of this phenomenon

remains the object of debate. Some workers believe that the formation

of vesicles was the first step in the development of life. Others are of the
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opinion that life started in some unstructured “soup” or in the form of a

surface-linked monomolecular layer.

Whatever the exact timing of the birth of the first protocells, it must

have been early. Even the latest allowable limit antedates the appearance

of the first protein enzymes and, probably also, that of many ribozymes.

As pointed out in Chapter 3, selection on the strength of the usefulness

of a catalytic activity obligatorily requires the existence of a large num-

ber of competing protocells. Thus, the ingredients of the first membranes

must have been products either of cosmic chemistry or of primitive pro-

tometabolism.

A problem attending all early membrane models is the need for selec-

tive permeability. A primitive fabric obviously could not have included

the kind of special transport systems found in present-day membranes.

Therefore, the primitive membrane must have been permeable to enter-

ing nutrients and exiting waste products, while being impermeable to

larger molecules, in particular the first RNA and protein molecules. The

participation of multimers in the fabric of the first membranes could

have satisfied this requirement, by providing relatively porous bound-

aries. Lipids could also have done the job, however. It has been found

by Deamer that the required selective permeability can be achieved with

phospholipids simply by reducing the length of the hydrophobic tails.

In a remarkable experiment, he and his group have built an artificially

encapsulated system containing an enzyme that uses ADP to construct

poly-A, an all-A, RNA-like substance. With bilayers made of phospholipids

containing 14 carbon atoms in their hydrophobic tails, external ADP

could enter the vesicles freely, whereas the enzyme and its product re-

mained inside (Chakrabarti et al., 1994).

A similar approach has been taken by the group of Pier Luigi Luisi,

in Switzerland (Luisi, 2002). Using vesicles made with oleic acid, a fatty

acid, the investigators have constructed a number of fascinating encap-

sulated systems, including one that catalyzed the polymerase chain reac-

tion (PCR), a system widely used for DNA amplification, which required

no fewer than nine components, as well as a high-temperature step.

Another important property of cells that must have been a feature

already of the earliest protocells is the ability to grow and multiply by
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division. It is very interesting, in this connection, that even simple, artifi-

cial vesicular systems have been found to display growth and division in

vitro (Szostak et al., 2001; Luisi, 2002; Hanczyc et al., 2003). Thus, the kind

of Darwinian competition that has to be postulated to account for early

selection phenomena could have taken place with primitive encapsulated

systems (see Chapter 3).
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11 Protonmotive Force

As explained in Chapters 4 and 5, the ability of living organisms to

perform the various kinds of work whereby they subsist and proliferate

rests overwhelmingly on the coupling between downhill electron transfer

and the assembly of ATP from ADP and inorganic phosphate. We have

seen in Chapter 6 how this coupling can be accomplished by thioester-

dependent, substrate-level phosphorylation mechanisms. Although of

immense qualitative importance, these processes account for only a min-

imal fraction of the ATP produced in most organisms. By far the greater

part of the ATP used in the biosphere is assembled by carrier-level phos-

phorylations operating by way of protonmotive force, yet another of life’s

amazing singularities.

Anatomy of a Protonmotive Coupling Engine

Protonmotive machineries are obligatorily housed in the matrix of a

membrane impermeable to protons. As shown schematically in Figure

11.1, they consist essentially of two reversible proton pumps oriented

in the same direction, one driven by the transfer of electrons between

two carriers, and the other by ATP hydrolysis. By forcing protons from

one side of the membrane to the other, the pumps create a proton po-

tential that tends to oppose the further translocation of protons. If the

133
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Membrane Membrane

Electrons

Electrons

ATP + H2O

ADP + Pi

H+H+H+

H+

H+
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Cox Cred
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Figure 11.1. Coupling by protonmotive force. Two proton pumps, embedded in a
proton-tight membrane and oriented in the same direction, drive protons from one
side of the membrane to the other, creating an antagonistic proton potential. The
pump on the left is activated by the transfer of electrons from the reduced form of
one carrier (Cred) to the oxidized form of an adjacent carrier (C′

ox) of higher redox
potential (lower energy level). The pump on the right is activated by ATP hydrolysis.
If, as is usually the case, the electron-driven pump is “stronger,” that is, builds a
higher proton potential than the ATP-driven pump, the latter functions in reverse:
electron transfer powers ATP assembly by way of protonmotive force. The opposite
takes place if the ATP-driven pump is the stronger: ATP hydrolysis powers reverse
electron transfer, that is, from a lower to a higher energy level.

potential built by one pump exceeds the maximum potential attainable

by the other pump, it will cause the weaker pump to function in reverse,

thus accounting for coupling between the two systems.

As a rule, the metabolically supported, electron-driven pump is

stronger than the ATP-driven pump, which is continually weakened by
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the consumption of ATP for the performance of work: downhill electron

flow powers ATP assembly. The opposite may, however, happen under cer-

tain circumstances, in particular in chemotrophs, which need to energize

electrons for biosynthetic reductions (see below).

Up to three electron-driven proton pumps may be associated in series

within the membrane, physically organized in the order of increasing re-

dox potential (decreasing energy level) and linked by intercalated carriers

in a manner such that electrons readily flow from one pump to its neigh-

bor. Such electron-transport chains, as they are called, are connected to

the outside by entry ports for high-energy electrons and exit ports for

energy-depleted electrons (see Figure 11.2).

The most elaborate electron-transport chains are found in certain aer-

obic bacteria and in the mitochondria of eukaryotic cells, which are de-

scendants from such bacteria (see Chapter 17). These chains contain some

fifteen carriers belonging essentially to four distinct families. First are the

iron–sulfur proteins, which, as their name indicates, are proteins contain-

ing one or more iron ions nestled within clusters of sulfur atoms provided

by cysteine residues of the protein and by sulfide ions. Exhibiting a wide

variety of redox potentials, these molecules act by the oscillation of their

iron ions between the ferrous (Fe2+) and the ferric (Fe3+) state.

A second group of carriers includes flavoproteins, which have as pros-

thetic group a nucleotide-like derivative of riboflavin, or vitamin B2, a

yellow (flavus in Latin), nitrogenous substance that acts as hydrogen car-

rier. Flavoproteins usually occupy the upper energy level (lower redox

potential) of electron-transport chains.

At about the same level is found a lipid-soluble carrier called coenzyme

Q, or ubiquinone, which consists of a quinone derivative to which is at-

tached a long isoprenoid chain (see Chapter 10). This molecule alternates

between the reduced hydroquinone and the oxidized quinone forms:

OH O

OH O

+ 2 (−) + 2 H+ (1)
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Figure 11.2. Simplified view of the universal electron-transport chain (compare with
Figure 5.1). The chain consists of up to fifteen membrane-embedded electron car-
riers organized in order of decreasing energy level (increasing redox potential). The
chain is schematically divided into two energy regions: an upper one (lower redox
potential), occupied mostly by flavoproteins (Fp) and quinone carriers (Q), and a
lower one (higher redox potential), occupied mostly by cytochromes (Cyt), which
are carriers of hemoprotein nature. The nature and number of the carriers vary ac-
cording to the organism concerned but conform, basically, to the scheme shown.
Not represented are additional carriers, mainly iron–sulfur proteins and metal ions
(copper). Electrons (arrows) enter the chain at the top and leave it at the bottom,
generating on their passage a proton potential that, in turn, supports ATP assembly
(up to three molecules of ATP per electron pair).
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The lower energy level of electron-transport chains is occupied by cy-

tochromes, which belong to the vast group of hemoproteins. These are

colored proteins, of hue ranging from pink to brown, sometimes green,

that contain a heme as prosthetic group. Hemes are derivatives of the por-

phyrin nucleus, a flat, polycyclic molecule with a central hole surrounded

by four nitrogen atoms. In hemes, this hole is filled by an iron ion, which

serves as electron carrier by alternating between the ferrous and ferric

states. Other hemoproteins include the oxygen-carrying hemoglobins,

in which the iron is permanently in the ferrous state, and a number of

hydrogen-peroxide-utilizing peroxidases and catalases, in which the iron

remains in the ferric state. Other metals besides iron, copper in particular,

often participate in the flow of electrons.

The same kind of organization, but made up of different molecular

species and often more or less truncated, is found in a number of aerobic

and anaerobic bacteria, as well as in all phototrophic organisms. In the

latter, the electron-transport chains are invariably associated with photo-

systems, which act as light-activated “electron elevators” (see below). The

central components of photosystems are the green chlorophyll molecules,

which, like hemes, are derivatives of the porphyrin nucleus, but with

magnesium, instead of iron, occupying the central hole and with an at-

tached isoprenoid tail serving as lipid-soluble anchor. In photosystems,

chlorophylls are usually associated with other pigmented, light-catching

molecules, in particular the orange carotenoids, which are relatives of

vitamin A and are among the many members of the versatile isoprenoid

family.

The ATP-powered proton pump is a remarkable rotatory engine con-

structed with a number of protein subunits forming a fixed, membrane-

embedded “stator” and a central proton-driven “rotor” harnessed to an

ATP-assembling catalytic site. This “turbine” functions reversibly, the

sense of rotation – and the direction of proton transfer – depending on the

magnitude of the proton potential. If, as is generally the case, this poten-

tial exceeds the value needed for ATP assembly, the pump makes ATP,

while the protons that provide the driving force of this process return

to the other side of the membrane, to be repowered by downhill elec-

tron flow. In the opposite case, ATP splitting dominates, forcing electrons
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to travel uphill. We shall see the significance of this phenomenon in

chemotrophy.

Metabolic Functions of Protonmotive Electron Transport

In heterotrophic organisms (see Figure 11.3), the electrons fed into

electron-transport chains are derived by metabolism from foodstuffs and,

during fasting, from reserve substances (such as fat or glycogen) and, if

need be, from the organism’s own proteins and other active components.

Metabolic electrons are mostly funneled into the top of the chains by the

soluble electron carrier NADH. A lateral entry port, at the flavoprotein–

coenzyme Q level, admits electrons produced by the generation of a dou-

ble bond, –CH=CH–, from a saturated carbon chain, –CH2–CH2–, situated

in the �–� position of certain acid derivatives. The dehydrogenation of

succinate in the Krebs cycle and that of some acyl–coenzyme A inter-

mediates in the �-oxidation of fatty acids are typical examples of such a

reaction.

In most organisms, molecular oxygen (forming water) is the final elec-

tron acceptor. Electron-transport chains are often called respiratory chains

for this reason. With NADH as donor and oxygen as acceptor, the full ca-

pacity of the chains is exploited: three ATP molecules are assembled for

each electron pair transferred. In a number of bacteria, oxygen is replaced

as final electron acceptor by some mineral, for example, sulfate or ni-

trate. The ATP yield per electron pair may be correspondingly lowered,

depending on the redox potential of the acceptor.

Chemotrophic bacteria (see Figure 11.4) receive all their electrons from

mineral donors and most often use oxygen (occasionally some mineral

substance) as acceptor. Except for a frequently lower yield of ATP per pair

of electrons transferred from donor to acceptor, chemotrophs function

very much like heterotrophs, which they in fact mimic when obliged to

use their own reserves or substance (not shown in the figure).

A key difference between the two groups of organisms, as already men-

tioned in Chapter 5, is that chemotrophs have to synthesize all their con-

stituents from simple mineral building blocks and require a large amount

of high-energy electrons to this end. Here is where the reversibility of
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Figure 11.3. Protonmotive electron flow in heterotrophs (compare with Figure 5.2).
High-energy electrons, provided by foodstuffs or, during fasting, by reserve sub-
stances and, if need be, active cell components (Biont), are channeled by metabolism
and fed mostly into the top of the electron-transport chain by way of NADH. A small
fraction of metabolic electrons enter the chain at the Fp–Q level. The oxidation of
succinate to fumarate in the Krebs cycle and the comparable process that occurs
in the �-oxidation of fatty acids are reactions of this sort. The main electron exit
from the chain leads to molecular oxygen (not shown explicitly), which is reduced to
water. In some bacteria, spent electrons are delivered to a mineral acceptor.
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Figure 11.4. Protonmotive electron flow in chemotrophs (compare with Figure 5.4).
Electrons are provided at an intermediate energy level by a mineral donor. They are
most often accepted by oxygen, forming water; occasionally, by a mineral acceptor.
Protonmotive force generated in the lower part of the chain supports, directly or by
way of ATP, uphill electron transfer in the upper part of the chain, leading to NADH
or NADPH, which in turn provides electrons for biosynthetic reductions with the help
of ATP produced by the chain and acting by way of thioesters (see Chapter 6).
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proton pumps, discussed above, comes into play. The proton potential

built in the lower part of the chain serves to reverse, either directly or by

way of ATP, the flow of electrons through the upper part, thus allowing

the reduction of NAD (or NADP) by electrons provided at a lower en-

ergy level by the mineral donor. This phenomenon is helped by the fact

that the cytochrome-linked, electron-driven proton pump at the bottom

of the chain is considerably more powerful – spans a much greater re-

dox potential difference – than the upper two, especially with oxygen as

acceptor. In fact, it cannot be reversed with the help of ATP: aerobic organ-

isms, even amply supplied with energy, are unable to produce molecular

oxygen from water. Only phototrophs can do so, as will be seen.

It will be remembered in this connection that electrons provided by

NAD(P)H cannot be used as such for biosynthetic reductions; they need

to be further energized. This step is also fueled by ATP, but by way of

thioesters, as mentioned in the section “Thioesters and Electron Transfer”

in Chapter 6.

The situation that obtains in the more primitive phototrophic bac-

teria is illustrated in Figure 11.5. Light absorbed by photosystem I lifts

chlorophyll electrons from ground level to a level some 1500 mV higher

in energy (lower in potential), from which the electrons fall down to

an iron–sulfur carrier called ferredoxin. Two pathways are open for the

electrons exiting ferredoxin. One pathway leads into a truncated, phos-

phorylating electron-transfer chain, from which the electrons return to

chlorophyll at ground level, ready to start the same cycle. Electrons fol-

lowing this pathway thus may cycle endlessly, without the participation

of any exogenous donor or acceptor, allowing light energy to power ATP

assembly (cyclic photophosphorylation).

A second pathway diverts electrons from ferredoxin into NAD(P)H for

the support of biosynthetic reductions, which occur, as in chemotrophs,

with the help of a thioester-mediated, energizing step powered by ATP.

Electrons used in this manner are replaced by electrons from an exoge-

nous mineral donor. Surprisingly, no system apparently exists whereby

photoenergized electrons can be used directly for biosynthetic reductions,

even though their energy level would be amply sufficient for this. As

shown in Figure 11.5, the electrons fall down unproductively to NAD(P)H,
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Figure 11.5. Protonmotive electron flow in primitive phototrophs (compare with
Figure 5.5). The only photosystem of primitive photosynthetic bacteria is photo-
system I. In this system, electrons are lifted with the help of light energy (h�) from
ground level (PhI) to the excited level (PhI*), from which they fall into a protonmo-
tive electron transport chain via a special iron–sulfur protein called ferredoxin (Fd).
At their exit from this chain, after supporting ATP assembly, the electrons are re-
turned to the photosystem at ground level, ready to participate in a new cycle (cyclic
photophosphorylation). Electrons used for biosynthetic reductions are diverted from
ferredoxin to NADH or NADPH, from which they are lifted to the required energy
level with the help of ATP produced by the chain and acting by way of thioesters,
as in chemotrophs. These electrons are replaced at the expense of a mineral donor,
which feeds them into the photosystem at ground level. Note that a substantial part
of the energy of the absorbed light is not productively utilized.
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subsequently to be raised again to a higher energy level with the help

of ATP.

Cyanobacteria, together with all eukaryotic phototrophs, which are

equipped with chloroplasts derived from ancestral cyanobacteria (see

Chapter 17), possess the same photosystem I and associated biosynthetic

reductions system as primitive phototrophs; but they do not derive the

electrons they use for biosynthetic reductions from some mineral donor;

they derive them from water, releasing molecular oxygen. This remark-

able feat is accomplished by a second photosystem, derived by evolution

from photosystem I. As shown in Figure 11.6, photosystem II, when ex-

cited by light, lifts electrons over the same 1500-mV span as photosys-

tem I but accepts them lower down, below the energy level (above the

redox potential) of the water/oxygen couple, which serves as donor. A

complex, manganese-containing enzyme catalyzes this crucial reaction,

which solely accounts for the appearance and maintenance of oxygen in

the Earth’s atmosphere (see Chapter 16).

The water-derived electrons energized by light in photosystem II are

fed into the lower part of photosystem I by way of the electron-transport

chain, fueling ATP assembly before being reactivated photochemically

to serve for biosynthetic reductions (see Figure 11.6). Thus, in the higher

phototrophs, all the electrons used for biosynthetic reductions come from

water and follow a pathway that includes the support of ATP assembly by

what is known as noncyclic photophosphorylation. Any ATP requirement

above what is satisfied in this manner takes place by cyclic photophos-

phorylation dependent on photosystem I.

The composite picture of Figure 11.7 gives a global view of electron

flow in the biosphere. The immense importance of the water/oxygen thor-

oughfare will be noted. It connects aerobic life with oxygenic phototro-

phy and regulates the level of atmospheric oxygen by the balance between

these two processes. As will be mentioned in Chapter 16, this balance has

varied in the past and could do so in the future. In addition to these

oxygen-centered phenomena, living organisms modify the redox state of

their environment by the electron exchanges they bring about in the min-

eral world. Sulfur, iron, and nitrogen components are particularly affected

by these phenomena.
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Figure 11.6. Protonmotive electron flow in advanced phototrophs (compare with
Figure 5.5). Cyanobacteria and chloroplasts, the cyanobacteria-derived photosyn-
thetic organelles of eukaryotic phototrophs (see Chapter 17), possess photosystem I,
like their more primitive homologues, and use it in essentially the same way (see
Figure 11.5), except for one major difference: electrons used for biosynthetic re-
ductions are not provided by a mineral donor but by water, thanks to a second
photosystem. Water electrons are delivered (with the release of molecular oxygen,
not shown) into photosystem II at ground level (PhII), with the help of a highly spe-
cialized catalytic system involving manganese ions. After activation by light, the elec-
trons are fed from the excited photosystem II (PhII*) into photosystem I at ground
level (PhI), by a pathway that traverses the protonmotive electron transport chain
and allows the assembly of ATP (noncyclic photophosphorylation). Note that, again,
a substantial part of the energy of the absorbed light is not productively utilized.
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Figure 11.7. Protonmotive electron flow in the biosphere. A composite of Fig-
ures 11.3 to 11.6, the figure includes a view of how autotrophs deprived of their
source of energy can survive by using their own reserves and substance (Biont) in a
manner similar to the heterotrophic mode (Figure 11.3).
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There are a few exceptions to the above generalizations. It happens

occasionally that ATP is bypassed in the exploitation of electron-flow en-

ergy. For example, as mentioned earlier, protonmotive force generated in

one part of an electron-transport chain may support reverse electron flow

in another part without the mediation of ATP. Another remarkable exam-

ple is the bacterial flagellum, a rotating helical shaft driven by a molec-

ular “turbine” powered by protonmotive force. The possible relationship

between this machinery and the rotatory, ATP-assembling proton pump

raises an intriguing question.

In very rare cases, electrons are bypassed. This occurs in halobacteria,

a special group of phototrophic organisms that thrive in saturated

brine and have the unique distinction of not using chlorophyll as light-

catching molecule, but rather a purple pigment called bacteriorhodopsin.

This substance, which is chemically related to rhodopsin, the visual

pigment of the retina, is a protein associated with a carotenoid that

acts as light-catcher. Bacteriorhodopsin is embedded in the peripheral

membrane of halobacteria. When excited by light, the molecule returns

to ground level in a way that uses the energy to drive protons across the

membrane, generating protonmotive force, which, in turn, powers ATP

assembly. This remarkable photosystem presumably arose independently

of the chlorophyll-dependent system. It never supplanted the latter but

may have survived in the visual machineries of animals.

Origin of Protonmotive Force

How such elaborate systems as those involved in coupling by protonmo-

tive force ever came into being raises a highly intriguing question. Barring

intelligent design, only selection can account for such a remarkable devel-

opment. Accepting this hypothesis, one is led to ask what circumstances

could possibly have favored the appearance of the complex molecular ar-

rangements needed for even the most primitive coupling systems based

on protonmotive force.

As suggested in an earlier book (de Duve, 1991), adaptation to an

acidic medium appears as an attractive explanation. Acidity is a function

of proton concentration (usually expressed by the common logarithm of
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the reciprocal of this concentration – the pH). The higher the proton con-

centration, that is, the lower the pH, the stronger the acidity. The inside

of cells has a degree of acidity near neutrality, equivalent to a proton con-

centration of 10−7 equivalent per liter (pH 7). Intracellular systems are

adapted to this value. Had similarly adapted protocells become exposed

to increasing outside acidity (lowering of the external pH), they would

presumably have gained a considerable selective advantage from the abil-

ity to keep their internal pH constant by expelling protons. Such a process

would have required an amount of energy equal to about 2.4 kcal, or 10

kJ, per proton equivalent transferred under physiological conditions, for

each order-of-magnitude change in the ratio of outside to inside proton

concentration, that is, for each unit difference between the internal and

external pH.

Theoretically, such a defense mechanism against increasing acidity

could have been acquired in two different ways, depending on whether

ATP hydrolysis or downhill electron transfer provided the required en-

ergy. We have seen (at the beginning of Chapter 4) that ATP splitting

releases about 14 kcal, or 59 kJ, per gram-molecule under physiological

conditions. Dividing these values by those given above, we find that an

ATP-supported pump could have maintained a constant internal proton

concentration against an almost one-million-fold higher outside proton

concentration, that is, against an external pH nearly 6 units lower than

the internal pH. Protocells possessing such a pump and having available

an appropriate, ATP-supplying energy source, would have been able to

keep an internal pH of about 7 – physiological for present-day cells –

in a medium of pH close to unity, that is, having a proton concentra-

tion nearing that of a 0.1 M solution of hydrochloric acid (not far from

the limit tolerated by acidophilic prokaryotes, see Chapter 14). The same

result could have been accomplished by an electron-driven pump work-

ing across a redox potential difference of 600 or 300 mV, depending on

whether the electrons traveled singly or in pairs (see the section “Ener-

getics of Electron Transfer” in Chapter 5).

It is tempting to assume that the two kinds of pumps were devel-

oped separately, under the control of natural selection, by two distinct

protocellular branches threatened by increasing outside acidity. Let the
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two systems join in a single protocellular population, as a result of lateral

gene transfer or of protocellular fusion, and protonmotive force would

have been harnessed. One pump could henceforth, under appropriate

conditions, force the other to function in reverse. The same result could

obviously have been accomplished if the two pumps had arisen jointly

in the same protocells. It is, however, more difficult to see how natural

selection could have favored the development of both systems side by

side, unless their coupling proved beneficial right from the start.

Whether it took place as hypothesized or otherwise, the develop-

ment of protonmotive systems represents one of the most important

singularities in the origin of life. It inaugurated the fundamental carrier-

level phosphorylation mechanisms that underlie respiration (including

the anaerobic kind that uses electron acceptors other than oxygen) and

photosynthesis.
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12 Protometabolism Revisited

The account of the earliest beginnings of life offered in the preceding

chapters is, perforce, hypothetical. Except for a few scraps of information

obtained from extraterrestrial objects and from laboratory simulation ex-

periments, all the steps in my reconstructed history are inferred by reason-

ing and educated guesswork from what is known of present-day life. With

due regard to the weakness of such an approach, it may be profitable to

look back over the account and try to discern certain key notions likely to

be of more general significance and applicable to any scenario that others

may propose.

Overview

Figure 12.1 shows a schematic overview of the early development of life

as I have hypothesized it. The diagram depicts three main stages. First

there is abiotic chemistry, a term used to designate the mechanisms that

have generated the raw materials of life. These include, on one hand, the

organic building blocks manufactured by cosmic chemistry (meant to in-

clude possible terrestrial processes of the kind studied by Miller and his

followers) and, on the other, the energy-bearing compounds, pyrophos-

phates and thioesters, taken to be products of volcanic chemistry (with

the help of cosmic chemistry for thioesters).
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Figure 12.1. A bird’s-eye view of protometabolism. Full arrows represent chem-
ical processes. Broken arrows represent catalytic influences. For details, see
text.

The second stage is protometabolism, which is the name given to the

set of processes that have led from abiotic chemistry to the third stage,

or metabolism, defined as the first set of reactions catalyzed by protein

enzymes (and, perhaps, ribozymes), prefiguring present-day metabolism

and, perhaps, already including certain central systems, such as the

glycolytic chain and the Krebs cycle.

The appearance of RNA is represented as a watershed that divides

protometabolism into a pre-RNA stage, dependent exclusively on chem-

istry, and a post-RNA stage, in which selection is added to chemistry. As

imagined, the pre-RNA stage, supported by mineral catalysts and, possi-

bly, by catalytic multimers and by protometabolic intermediates with cat-

alytic properties (autocatalysis), characteristically creates a heterogeneous
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collection of molecules (gemisch), among which the four NTP precursors

of RNA occupy a position that would undoubtedly not have attracted the

attention of an unbiased observer at the time but is revealed to us by hind-

sight as having been crucial. Conversion of these NTPs to RNA would have

initiated replication and, with it, the possibility of selection, ushering in

the post-RNA stage of protometabolism (RNA world). Concomitantly, or

earlier, amphiphilic molecules, produced by cosmic chemistry or by pro-

tometabolism or by both, would have assembled into the first membranes,

segregating the main protometabolic systems within protocells capable of

growth and division.

The most important consequence of the appearance of RNA is the de-

velopment of protein synthesis, a process that must have gone through

a long, complex, evolutionary history. During this period, certain amino

acids were recruited; various RNA molecules were progressively selected to

become proto-tRNAs, proto-mRNAs, and proto-rRNAs; the genetic code

slowly acquired its present structure; and proteins gradually increased in

length as the RNA genes themselves became longer thanks to the appear-

ance of more accurate replicating catalysts. As to the RNAs, they have

played an essential role in this evolution, notably as catalysts of pro-

tein synthesis and, perhaps, of certain RNA reshufflings – perhaps also

as ribozymes involved in certain protometabolic or metabolic reactions.

Specially noteworthy is the self-perfecting hypercycle whereby RNA and

replication-catalyzing protein enzymes (or, possibly ribozymes) support

each other to allow the formation of RNA and protein molecules of

increasing length.

The most problematic part of this overview is the pre-RNA stage of

protometabolism. That something of the kind must have happened seems

mandatory, but actual mechanisms are totally unknown and wide open

to speculation, as even a scant survey of the origin-of-life literature abun-

dantly reveals. The post-RNA stage, by contrast, is perceived with greater

confidence on the strength of present knowledge, even though the mech-

anisms involved remain equally hypothetical and unsupported by direct

experimental evidence. With these uncertainties in mind, let us find out

what lessons of more general nature can be derived from the proposed

scenario.
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The Dominance of Chemistry

Given the inescapable premise that there could have been no ribozymes or

protein enzymes before the appearance of RNA, the early chemistry must,

as a strict minimum, have supplied the means, and the environment must

have supplied the conditions, for the construction of AMP, GMP, CMP, and

UMP and the activation of those molecules as well as their assembly into

polynucleotides.1 Chemistry and environment must, in addition, have

provided the makings of the first protocellular envelopes, which, as we

have seen, must have been present at an early stage.

Judging from the results of fifty years of vigorous and inventive re-

search, one gains the impression that cosmic chemistry and prebiotic

reactions of the kind investigators have been trying to reproduce exper-

imentally could not, by themselves, have yielded much more than the

basic building blocks of the required assemblages. Even at this level, a

number of synthetic pathways remain open to question. Most steps to-

ward greater complexity are so far totally unelucidated. My suggested

answer to the conundrum, for what it is worth, is summed up in three

words: congruence, catalysis, and profligacy.

Congruence, the notion that protometabolism must, in some mea-

sure, have prefigured present-day metabolic pathways, rests, as argued in

Chapter 3, on the consideration that the early chemistry must have acted

as a screen in the selection of the first enzymes and ribozymes, allowing

retention of only such catalytic activities as fitted within the chemistry

existing at that time. The argument is compelling as regards the earli-

est selected activities. It is weakened by the possibility that new catalytic

activities may have emerged at a later stage and replaced the old ones

to a greater or lesser extent. The argument does, however, remain valid

for the new activities as well, so that a continuous filiation from pro-

tometabolism to metabolism can sensibly be postulated. Certainly, the

case is strong enough to justify using the notion of congruence to design

experiments (de Duve, 2003).

The view of protometabolism proposed in this book rests on the

congruence notion; it postulates, in particular, that RNA was the first

1 I assume here, as the most probable hypothesis, that the first RNAs arose from the same
precursors as present-day RNAs. Congruence and parsimony argue in this direction.
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replicable information-bearing molecule and that it arose, as it does to-

day, from ATP, GTP, CTP, and UTP, and not in some other way. The NTP

molecules themselves, which obviously cannot have arisen for the “pur-

pose” of making RNA, are seen as products, together with many other

components of a primeval gemisch, of spontaneous chemical events in

which some of their present-day functions, in group transfer, for exam-

ple, may already have been prefigured. Amphiphilic molecules capable

of assembling into bilayers could have formed as part of this activity. As

to the energy needed for these reactions, it has been assumed, again in

line with the notion of congruence, to rely on pyrophosphates and on

primitive electron transfers, possibly involving thioesters.

Such suggestions would defy credibility were they not linked to the

assumed participation of certain enzyme-like catalysts. The need for catal-

ysis in the early chemistry of life is generally recognized. Original to the

present proposal is the suggestion that peptides and other multimers may

have accomplished key catalytic functions in protometabolism, in con-

junction with metal elements and, perhaps, with some organic molecules

antecedent to present-day coenzymes. Ease of formation and the fact that

such molecules are most likely to mimic, albeit in rudimentary form, ac-

tivities carried out by protein molecules are two arguments offered in

support of the multimer hypothesis. It has the advantage of lending itself

to experimental testing (de Duve, 2003).

Finally, profligacy, suggested by the term “gemisch,” is a notion im-

posed by the expected lack of specificity of protometabolic reactions.

Simple chemistry and primitive catalysis can hardly have attained to-

gether the kind of exquisite specificity manifested by enzyme reactions

today. Hence the likelihood that protometabolism operated in a com-

plex gemisch that was only sorted out later by selection. Enzymes,

thus, were not only selected on the strength of their ability to fit

within protometabolism (congruence); they also served to select, among

protometabolic pathways, those that eventually ended up as part of

metabolism.

It cannot be sufficiently emphasized that all the surmised events

were products exclusively of chemistry, that is, of deterministic, repro-

ducible manifestations, entirely dependent on the prevailing physical

and chemical conditions. Selection can have started only after the first
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replicable molecules appeared, and its influence must have been gradual,

so that protometabolism remained operative for a long time, yielding only

slowly and progressively to the kind of self-sufficient and self-contained

chemistry carried out by enzyme-catalyzed metabolism.

Looking at the proposed picture of protometabolism with the eyes of a

chemist, one must acknowledge that even its minimalist form is complex

enough, by virtue of its inescapable requirements – RNA and membranes –

to seriously challenge chemical verisimilitude. Defenders of intelligent de-

sign have not failed to point this out. Crediting an “unseen hand,” how-

ever, is no scientific solution. Calling on catalysis seems more rational. In

this respect, the multimer hypothesis deserves further investigation (de

Duve, 2003), especially in that the multimers themselves are products of

a simple chemistry that, as we have seen in Chapter 3, could even take

place in outer space.

The Power of Selection

Time and again, in my proposed account of the beginning of life, selec-

tion emerges as a decisive factor. Introduced with the very first replicable

RNA molecules, this process appears as having shaped every major step of

post-RNA protometabolism. Particularly important in this reconstructed

picture is the likelihood that, at each step, evolving systems enjoyed the

opportunity to explore, extensively if not exhaustively, the range of op-

tions offered, with, as end result, optimization or near-optimization. This

is an extremely powerful situation; it reduces the role of chance to provid-

ing enough opportunities so that the possibility most advantageous under

the prevailing conditions almost obligatorily emerges. It is the situation

described in the introduction under the term “selective bottleneck.”

The development of protein synthesis and the optimization of the

genetic code are particularly impressive instances of this mechanism at

work. So is the progressive appearance of the enzymes that determined

the transition from the dirty gemisch of protometabolism to the clean

pathways, cleared of side reactions and extraneous junk, that make up

metabolism. The stepwise mechanism proposed for protein lengthen-

ing provides another telling illustration of the power of selection, as it
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may have allowed emerging life to reach the infinitesimally minuscule

area it occupies in protein sequence space by a succession of optimizing

steps. It is noteworthy that it is only at this stage that mopping up of the

gemisch could gradually be accomplished. Only when enzyme molecules

became progressively longer and thereby gained in specificity and efficacy

could certain primitive reactions become replaced by their more efficient,

enzyme-catalyzed counterparts, while the others were left to fizzle out.

This implies a remarkable degree of robustness and resiliency on the part

of protometabolism, which had to sustain incipient life during the many

long periods of selection that marked the emergence of metabolism.

The Cradle of Life

Life has left no clue to the site of its birth. It is not even known whether it

arose on Earth or elsewhere. One can, however, try to deduce some of the

physical–chemical properties of the cradle of life from the presumptive

exigencies of protometabolism.

Water was obviously needed, as were the basic organic building blocks

most likely provided by cosmic chemistry (and, perhaps, to some extent,

by atmospheric chemistry). Huge areas of our young planet (or of some

other site) could have fulfilled those requirements. Next, we must ask

whether light was needed, which would restrict the cradle of life to surface

waters. For reasons that were briefly mentioned before, in particular the

intermittent character of sunlight, a photochemical origin of life has been

deemed unlikely. Thus, anywhere in water would do. But perhaps not in

any waters. It is possible, as suggested by a recent work (Monnard et al.,

2004), that the salt concentration played a critical role.

A more searching question is whether life arose within liquid wa-

ter (the primeval “soup”) or on the surface of submerged rocks, as

hypothesized by Wächtershäuser (1998). There is no evidence arguing

for one or the other possibility. But one must keep in mind the necessary

occurrence of early encapsulation. What is needed, therefore, is a site

where amphiphilic molecules are likely to assemble into vesicles. Spread-

ing on a surface may have helped such a process (Wächtershäuser, 1998).

Vigorous agitation, by waves or jets, is another possibility.
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A factor that could drastically limit the number of sites capable of giv-

ing birth to life is the requirement, deemed almost inescapable according

to our analysis, for pyrophosphates and, presumably also, for hydrogen

sulfide in a context conducive to the formation of thiols and thioesters

from organic molecules. This condition calls almost obligatorily for a vol-

canic setting (see Figure 12.1). Such a setting, which has been advocated

by others (Washington, 2000), could also provide certain needed metal

ions, as well as potential participants in critical electron transfers.

Putting these elements together, one finds volcanic springs and, espe-

cially, deep-sea hydrothermal vents as most closely fitting the description

present-day life seems to reveal to us of its cradle. Discovered in the 1970s,

hydrothermal vents are created by cracks in the ocean bottom, spewing

back infiltrating water in the form of dark, pressured, superheated, metal-

laden, sulfurous jets, or “black smokers.” Found to harbor a bizarre collec-

tion of microorganisms and even animals, these remarkable formations

have been the object of much speculation as potential cradles for life.

Special significance has been attached to the possibility that heat could

favor the formation of unlikely substances that would subsequently be

stabilized by rapid cooling.

This hypothesis has inspired a number of experiments by the Japanese

group of Koichiro Matsuno, using a hot–cold flow reactor designed for the

purpose of mimicking the alleged conditions. We have seen in Chapter 3

how this group has witnessed the formation of peptides from amino

acids in this system. The workers have also observed the oligomeriza-

tion of AMP, up to the level of trinucleotides (Ogasawara et al., 2000).2

Intriguingly, the medium contained a small amount of pyrophosphate

in the latter experiments. The authors do not explain this choice. Nor

do they comment on a possible participation of pyrophosphate in the

observed reactions. According to their theory, heat (110◦C) suffices to

provide the energy for the formation of the associations, which are then

prevented from breaking down thanks to the rapid cooling. Whether this

explanation is thermodynamically plausible requires documentation. The

2 The group has recently described the phosphorylation of AMP to ADP and ATP in a simi-
lar system, using trimetaphosphate (a cyclic association of three phosphate molecules
joined by pyrophosphate bonds) as phosphoryl donor (Ozawa et al., 2004).
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phosphodiester bond between nucleotides is a high-energy bond, equiv-

alent to the pyrophosphate bond. That such a barrier could be overcome

by a mere temperature difference of some 100◦C would be surprising.

Whatever the conditions, an overwhelmingly important requirement

they would have had to meet is to remain stable during all the time needed

for the continuing support of protometabolism. How long is difficult to

estimate. As argued elsewhere (de Duve, 2002), the chemistry itself could

have been rapid. But what could have taken a considerable amount of

time – possibly as long as several millennia or more – is the long succession

of selection events that most likely took place before enzyme-catalyzed

metabolism could take over and protocells had become strong enough to

withstand environmental disturbances. Volcanic springs or underwater

jets could conceivably exhibit the required stability.

The Probability of Life

Life has often been represented as a highly improbable phenomenon, the

outcome of an extremely unlikely succession of chance events, a manifes-

tation almost certainly unique in the whole universe, that could very well,

but for this extraordinary stroke of luck, never have arisen anywhere, any

time. This view, which rests on little more than a quantified sense of won-

derment, has, in turn, inspired a variety of philosophical appreciations of

the human condition, ranging, remarkably, from utter meaninglessness

to supreme cosmic importance, depending on the significance accorded

to uniqueness.

The belief that life is unique is no longer widely held by scien-

tists today.3 Witness the enormous interest in the new discipline, var-

iously known as exobiology, astrobiology, or bioastronomy, that seeks

to find evidence of extraterrestrial life. Even extraterrestrial intelligence

has been deemed sufficiently likely to warrant costly detection efforts. So

far, however, the only evidence alleged in support of extraterrestrial life

3 An exception is the British paleontologist Simon Conway Morris, who, in a recent book
(Conway Morris, 2003), has defended the strange thesis that life is probably unique in
the entire universe but that, once present, it was bound to give rise to humankind, thus
making humans “inevitable in a lonely universe,” a philosophically loaded conclusion.
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has been the presence of organic compounds, which we have seen are

almost certainly products of cosmic rather than of biological chemistry

(see Chapter 1).

In discussions of this problem, it is important to distinguish between

the probability of the emergence of life under the physical–chemical con-

ditions that prevailed at the site of its birth and the probability of those

conditions themselves. With respect to the former, the main conclusion

that arises from the proposed analysis is conveyed in the capsule phrase

“hardly any chance, mostly necessity.” Deterministic chemistry and se-

lective optimization clearly dominate the picture we have arrived at, thus

narrowly tying the outcome to the conditions that ruled the chemistry

and determined the selection.

Admittedly, one cannot rule out the possibility that some rare sub-

stance or some improbable chance occurrence played a decisive, nonre-

producible role in the appearance of life. Scientific caution commands

such a reservation, but common sense argues against it. One doesn’t

readily see how a complex network of interconnected chemical reactions,

such as must have composed protometabolism, could have been critically

influenced by a single, improbable chance factor.

Accepting as a working hypothesis, possibly to be qualified in the light

of new findings, that life as we know it was bound to arise under the con-

ditions that obtained at the site of its birth, we are led to conclude that

the probability of life is approximately equal to the probability of the

physical–chemical conditions under which it arose. If our reconstruction

of the cradle of life is correct, this means that the probability of extraterres-

trial life depends on there being elsewhere in the universe celestial objects

likely to harbor hydrothermal vents physically and chemically similar to

those found on Earth.

This question is obviously unanswerable in the present state of our

knowledge. In any case, it is not the biologist’s business. All that can be

said is that the present direction of astronomical research favors multi-

plicity rather than uniqueness. It is already known that planetary systems

are far from rare. To be sure, only large planets orbiting close to their sun

have been detected so far, but this is due to technical limitations that may

well be overcome by the advances of tomorrow. The existence of Earth-

like planets is not excluded; it is seen as likely by many experts. On the
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whole, sheer numbers would seem to argue against rarity. Considering the

number of sunlike stars believed to exist in our Galaxy (on the order of

thirty billion) and the estimated number of galaxies in the universe (about

one hundred billion), the chances that many Earthlike planets exist would

seem to be very high.

There remains the question as to how closely Earthlike a planet has to

be to generate life. From what we have seen, liquid water separated from

a molten core by a fissured crust may be a prerequisite. Such features may

not be uncommon, but do they suffice? There is always the possibility

that some special condition, not included in our assessment, has to be

fulfilled. Perhaps the magnetic field has to be just right. Or the planet’s

orbit must have the right degree of ellipticity, its rotation axis the right

tilt. Or there may be a need for a moon of just the right mass circling at just

the right distance to produce the right tidal movements. One can always,

if motivated to do so, multiply parameters to the point of conferring on

planet Earth a unique character that makes it the only possible cradle of

life (Conway Morris, 2003).

Evidently, until clear evidence of extraterrestrial life is obtained, the

matter must remain open. Even then, kinship with Earth life will have to

be ruled out. Discovering life on Mars, for example, might not be decisive

in itself. It is not considered impossible at present that Martian life could

originate from Earth, or terrestrial life from Mars, or both from some

third site in the solar system. The two forms of life would have to differ

in a significant way for their independent origin to be incontrovertibly

established. But is such a difference likely?

The Singularity of Life?

Notice the question mark. It is there because the answer to the question

posed could be very different depending on the significance attached to

the word “singularity.” If it is meant to imply that our planet is the only

life-bearing object in the universe, the answer, as we have just seen, is

likely to be no: life is probably widespread in the universe. At least, this

probability is deemed sufficient by a large segment of the astronomical

community to justify a vigorous search for extraterrestrial life. On the

other hand, if singularity is taken to apply to the basic chemistry that has
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been the main object of our discussions, the answer could be affirmative.

There may well be no life in the universe other than life as we know it,

its chemistry being written in cosmic physics and chemistry.

The deterministic view suggested by our analysis supports such a pos-

sibility, as it encompasses most of the key chemical features of life, in-

cluding membranes, bioenergetic couplings (at least of the substrate-level

kind), DNA genes, RNA mediators of gene expression, information trans-

fers via base pairing, RNA-dependent protein synthesis, and the universal

genetic code, as well as a number of enzymes, coenzymes, and ribozymes.

To the extent that those features arose by a combination of determinis-

tic chemistry and selective optimization, they were essentially bound to

arise under the conditions that surrounded their birth and would sim-

ilarly arise should these conditions be duplicated. Almost the only key

feature that may have been decided by chance is chirality, although, even

here, there may have been some bias (see Chapter 2).

Such a parochial attitude contrasts with the frequently evoked pos-

sibility of there being other life forms, differing from those we know

by the nature of their organic constituents and/or by the mechanisms

whereby they build their own substance, exploit environmental energy

sources, or store, transfer, and express information, perhaps even con-

structed from elements different from the standard CHNOPS formula.

Such open-mindedness is commendable from a purely abstract point of

view but is of little concrete value. For simple heuristic reasons, it is prefer-

able to limit our definition of life to what is known and not to indulge

in fatuous speculations unlikely to inspire any fruitful experimental ap-

proaches.4 Furthermore, the messages of cosmic chemistry should not go

unheeded. When looking at a list of the compounds detected in outer

space or in meteorites and other celestial objects, one is struck by the

number of substances that are utilized by life. This can hardly be a mean-

ingless coincidence.

4 I do not wish to decry here the kind of research that endeavors to create artificial systems
mimicking, perhaps even more efficiently, some key property of living organisms. Such
investigations are often fascinating and may lend themselves to valuable applications.
Until the created systems are shown to have a relationship to reality, however, they are
better called “biomimetic” or “lifelike” than advertised under the misleading name of
“artificial life.”
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There is overwhelming proof that all known living organisms descend

from a single ancestral form, the LUCA, or last universal common ancestor,

also called cenancestor by some. Conclusively evidenced by the many

singularities already discussed, the single origin of all known forms of

life is further demonstrated by the many sequence similarities that exist

among genes that perform the same functions in very different organisms,

be they microbes, plants, fungi, or animals, including humans. It is clear

that such similarities can be explained only on the basis of direct kinship

among the genes concerned, leading to the obvious conclusion that the

owners of the genes must be similarly related.1

This seemingly unassailable conclusion has come under challenge in

recent years, on the ground that genes do not only travel vertically, from

one generation to another, but may also be exchanged horizontally be-

tween two totally unrelated cells. This point is relevant to the construc-

tion of molecular phylogenies (see next chapter) but does not seriously

undermine the theory of single origin, which rests on a solid body of

convergent evidence and allows a number of straightforward consider-

ations, irrespective of phylogenetic details. These considerations will be

1 This fundamental point has been illustrated by a quantitative example in the introduc-
tion to de Duve (2002).
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the topic of the present chapter, leaving phylogenies to be discussed in

the next one.2

A Reconstructed Portrait of the LUCA

According to simple logic, it should be easy to arrive at a minimal repre-

sentation of the LUCA by putting together all the properties shared by all

present-day organisms, the rationale being that these properties must all

have been inherited from the LUCA. Such a picture will be minimal in

that it will not include properties that existed in the LUCA but were later

lost in one or more lineages. On the other hand, it may include properties

that were absent in the LUCA but were acquired later, either by conver-

gent evolution or through some isolated innovation subsequently spread

by horizontal gene transfer.

It must be noted that the risk of omissions is greater than the op-

posite. Evolutionary losses are commonplace, whereas universally shared

evolutionary gains can only have been made very early after LUCA started

branching out. Acquisition of the same biochemical property by conver-

gent evolution, already unlikely in the case of two distinct lines, becomes

close to impossible for a larger number. As to horizontal gene transfer,

one must keep in mind that genes do not travel far on their own. An

additional gene, whether born in one of the branches sprouted by ramifi-

cation from the LUCA or present already in some lineage that existed in

LUCA days but later became extinct, could have become part of a com-

mon heritage only if it had the opportunity to reach all the other branches

that have left surviving lineages. This could have been possible only if the

members of those branches lived close enough together to be capable of

exchanging genes. Depending on the extent of such gene-sharing, our

picture of the LUCA may be more or less fuzzy (see next chapter), but its

basic characteristics are likely to be the same.

Today, all living organisms are made of one or more cells, surrounded

by membranes constructed with phospholipid bilayers. All utilize DNA as

2 In writing this chapter, I have adopted the common sense view of the LUCA, which is
probably shared by a majority of workers in the field. As will be seen in later chapters,
some dissenting opinions have been expressed on the topic.
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replicable repository of genetic information, express this information by

transcription of the DNA into RNA, and translate the RNA into proteins

by the same mechanisms, including, with rare exceptions of relatively

recent origin, the same genetic code. All rely on the same base-pairing

phenomena for their information transfers. All carry out the same general

kind of intricate metabolic reactions, built on a common core and cat-

alyzed by protein enzymes of large size, made mostly of several hundred

amino acids, with the help of coenzymes of which several are univer-

sally distributed. All use ATP as the main energy vehicle and regenerate

this substance by coupled, downhill electron transfers, ensured largely by

protonmotive, carrier-level phosphorylations, with a most often small

but highly significant contribution by thioester-linked, substrate-level

phosphorylations.

Taking these common properties as having all been inherited from

the LUCA, we arrive at the conclusion that this ancestral organism must

have had an essentially “modern” character. Presumably, it was single-

celled and resembled, in its general organization, a simpler prokaryote

more closely than the more complex eukaryotes.3 In short, should we

encounter the LUCA today, we might well not recognize its extreme an-

tiquity, mistaking it for some primitive, present-day microbe.

This picture leaves one major uncertainty: Was the LUCA autotrophic

or heterotrophic? In terms of survival ability, heterotrophy would seem to

be the more general property, in that autotrophs share with heterotrophs

the capacity to subsist on the breakdown of organic molecules (at least

their own reserves and substance). On the other hand, it does not seem

very probable that life could still have been supported by products of cos-

mic chemistry after the long evolutionary pathway that led to the LUCA.

It is thus more likely that the LUCA was autotrophic and, if simplicity is

to be a criterion, chemotrophic rather than phototrophic.

3 This opinion is not unanimously shared. A small number of investigators defend the
thesis that the LUCA had a eukaryotic type of organization and that prokaryotes are
descended from this ancestral form by “reductive evolution.” I am indebted to Nicolas
Glansdorff for providing me with pertinent information on this question (Glansdorff,
2000; Xu and Glansdorff, 2002). As will be pointed out in subsequent chapters, the
proposed theory leaves entirely open the problem of the birth of eukaryotic cells. There
can be no reduction without prior “complexification.”
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Another uncertainty is whether the LUCA possessed split genes (see

section “The Growth of Proteins” in Chapter 8). This question, which

was much debated in the years that followed the discovery of split genes

(for the early history of the field, see: de Duve, 1991), is raised by the

fact that introns are virtually absent in prokaryotic genes and that their

frequency in eukaryotic genes tends to increase with the complexity of

the organisms concerned. At first sight, this fact would seem to argue

in favor of an evolutionary gain. Nevertheless, the opposed theory of

the “antiquity of introns” (Gilbert et al., 1986) has been defended by a

number of workers, who believe that prokaryotes lost split genes in the

course of a genome “streamlining” process, selectively promoted by the

advantages of rapid multiplication.

In addressing this question, a distinction must be made between the

number of introns and the ability to splice mRNA molecules. This ability is

necessary even for a single intron and must, therefore, have been present

in the first eukaryotes, which could have inherited it from the LUCA,

rather than developed it de novo. As we have seen, RNA splicing involves

ribozymes, which could possibly go back to the early days of genome

lengthening, long before the advent of the LUCA. Furthermore, as argued

by Poole et al. (1999), the development of new ribozymes in cells amply

supplied with sophisticated protein enzymes is unlikely, thus strengthen-

ing the view that the LUCA possessed the ability to splice RNA molecules

and that prokaryotes lost this ability. This point has been raised in support

of the theory that the LUCA may have had a eukaryotic organization (see

footnote 3, above). Note, however, that splicing ability has no obvious

link with the eukaryotic phenotype (see Figure 15.1). An RNA-splicing

LUCA could have a typically prokaryotic phenotype.

Birth of the LUCA

Between the hypothetical history depicted in the preceding chapters and

the LUCA, as just reconstructed, lies a long period of maturation about

which little more can be said than that it must have happened. In the

LUCA, RNA has definitely yielded to DNA as replicable repository of ge-

netic information, while protometabolism has given way to metabolism
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as the means of chemical support. Genes and the corresponding proteins

have completed their long process of progressive lengthening and reached

a size that has essentially not changed since. A number of genes are proba-

bly subject already to transcriptional regulation by special proteins. Mem-

branes contain basic elements of their present-day attributes, including a

minimum number of transporters, pumps, and receptors, together with

some mechanism of protonmotive coupling between electron transfer

and ATP assembly. Quite possibly, membranes already possess systems for

the export of proteins and other materials, allowing the construction of an

extracellular wall. For all we know, the cells may even propel themselves

with a flagellum powered by protonmotive force. Finally, cell growth is

already linked to coordinated gene replication followed by cell division.

It would be futile to even attempt divining how all these develop-

ments took place, because there is virtually no information on which to

base such conjectures. All we can do is to assume, as reasonable hypothe-

ses, that the events were slow and progressive, proceeding over many

millennia, if not millions of years, and that they were dominated by nat-

ural selection acting on fortuitous genetic changes. If such was the case,

one intriguing question we may be entitled to ask is what accounted for

the LUCA’s remarkable singularity.

Strict confinement within an environment uniquely compatible with

survival provides a possible answer to this question, but it does not ap-

pear likely. Organisms of the LUCA’s degree of sophistication would be

expected to display sufficient flexibility and resiliency to branch into dif-

ferent milieus. Supporting this hypothesis is the discovery of so-called

paralogous genes of very ancient origin. In opposition to orthologous

genes, which are derived from a single ancestral gene that has under-

gone different changes in different lineages, paralogous genes originate

from two identical gene copies produced in the same organism and left to

evolve independently after the initial duplication from which they arose

took place. As mentioned in Chapter 8, gene duplication is a very pow-

erful means of genetic “experimentation”; it allows all kinds of variants

of a given gene to be put to the test of natural selection while the unmu-

tated copy of the gene continues to fulfill its function. Several paralogous

genes have been traced back to duplication events that happened before
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the advent of the LUCA, suggesting that the precursors of this organism

were already engaged in complex evolutionary competitions.

If we take as more probable the hypothesis that the road to the LUCA

is one among a number of branches that spread out in those early days,

the question arises whether the LUCA was the outcome of a true selec-

tive bottleneck (mechanism 2) or of the kind of singularity described in

the Introduction under the term of pseudo-bottleneck (mechanism 4),

attained, more by chance than by virtue of some selective superiority,

through progressive attrition of all the other branches. We have no an-

swer to this question. But we can, assuming the singularity to be due

to a selective bottleneck, ask what environmental upheaval could have

constrained evolution to let only a single branch pass through, and what

particular quality could have given the LUCA its privileged position. Three

possible answers to this question come to mind.

A first possibility is that the supply of building blocks produced by

cosmic chemistry and abiotic, terrestrial chemistry was running out and

that survival depended on the inauguration of autotrophy. If, as has been

assumed in this book, life started heterotrophically, a point on which

there exists some disagreement (Wächtershäuser, 1998; Morowitz, 1999),

a stage must obviously have been reached when the celestial manna be-

came scarce and only organisms capable of subsisting on inorganic raw

materials could survive. The LUCA could have squeezed through such

a bottleneck by developing the necessary systems in time, presumably

by some form of chemotrophy. As mentioned above, emerging life most

likely did go through such a bottleneck; but whether it did so as late as

assumed seems questionable. The possibility that the abiotic supply of

organic building blocks could have covered all the time, perhaps to be

counted in millions of years, needed for emerging life to produce the

LUCA does not seem very likely.

A second possibility is that progressive acidification of the environ-

ment acted as a bottleneck, allowing survival of only those cells that had

developed the protonmotive mechanisms needed to protect their internal

pH from the acid threat. We have seen that the need to adapt to increasing

acidity offers a plausible explanation for the harnessing of protonmotive

power (see Chapter 11).
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Finally, it is also conceivable that increasing heat, possibly provoked

by a large meteorite impact (Sleep et al., 1989; Gogarten-Boekels et al.,

1995), was responsible for the bottleneck. This theory is supported by

some phylogenetic analyses, to be mentioned in the next chapter, indi-

cating that all the most ancient microorganisms are thermophilic, that is,

adapted to high temperatures. However, as we shall see, the significance

of these results is being disputed, and not all workers accept the notion

that the LUCA was thermophilic.

Note that the possibilities evoked are not exclusive of one another.

More than one bottleneck, created by successive environmental crises,

could have marked the pathway to the LUCA – for example, in this or-

der or in a different one: starvation, acidification, and excessive heat.

Unfortunately, the events we are trying to reconstruct have left no trace

other than the time-blurred legacies preserved in present-day genomes.

As will be mentioned in the next chapter, the comparative study of gene

sequences is an extraordinarily powerful tool for probing the past history

of living organisms. But the technology is complex and beset by many

difficulties and artifacts on which opinions are far from unanimous.

Viruses

This chapter cannot end without a brief reference to viruses, small enti-

ties capable of entering certain cells and proliferating inside them. First

recognized by their ability to cause diseases, viruses consist of two main

components: a surrounding envelope, or capsid, usually of protein but

sometimes more complex; and a small genome coding for the viral pro-

teins. These parts are occasionally accompanied by additional compo-

nents (mostly enzymes) needed for reproduction of the virus. The viral

envelope has the ability to interact with the membrane of susceptible cells

in such a way that the viral contents are introduced into the cell. There,

the viral genes are replicated, and viral proteins synthesized, by the cell’s

machineries – eventually with the help of some virus-specific enzyme(s) –

with as consequence the formation of new viral particles and, frequently,

the death of the invaded cell.
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Viruses may be viewed as the ultimate parasites, in that they borrow

everything they need for their multiplication from their host cells, car-

rying as sole baggage what the host cells cannot provide. Virtually all

known cells can be attacked by viruses. When bacteria are the target, the

viruses are called phages, short for bacteriophages (literally, bacterium

eaters). Viral genomes can consist of DNA or RNA, either double-stranded

or single-stranded. The RNA viruses themselves fall into two categories

depending on their mode of replication. In one group, of which the po-

lio virus is an example, the viral RNA is replicated directly by a specific

enzyme (replicase) encoded by the viral RNA. In the other group, exem-

plified by HIV (human immunodeficiency virus), the causal agent of AIDS

(acquired immunodeficiency syndrome), the RNA is reverse-transcribed

into DNA by a viral enzyme (reverse transcriptase). This DNA is inserted

into the cell genome and transcribed back into RNA for replication and

expression. Such viruses are called retroviruses.

Are viruses alive, or not? This question has stirred more philosophical

discussions than it deserves. The answer is obviously no, because viruses

cannot multiply without the help of a living cell. They are no more alive

than is a disk able to play music. A more interesting question concerns

the origin of viruses. There was a time when viruses were believed to be

intermediates in the long process that led to the first living cells. That

view is no longer held.4 Without a supporting metabolism, viruses can be

nothing but inert particles, whether four billion years ago or today. The

most probable theory is that viruses are a form of “wandering genes,” orig-

inating from preexisting living cells, a phenomenon that can happen by

a variety of mechanisms of which some are beginning to be understood.

In the case of DNA viruses, such an origin could have taken place at

any time, even in the recent past. Things are different for RNA viruses,

which have no counterpart in present-day living cells. According to an

4 The recent literature contains occasional references to viruses as having “predated cel-
lular life” (Balter, 2000; Prangishvili, 2003), but without clear proposals concerning the
manner in which viruses could have multiplied in the absence of cells. Note that the
possibility of entities as complex as viruses arising and thriving in some kind of unstruc-
tured, primitive broth that provided the means for their replication is not compatible
with the conclusion, arrived at in Chapter 3, that cellularization must have occurred, at
the latest, when translation and protein synthesis began to be developed.
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attractive hypothesis, RNA viruses may go back to those early protocells

that still had RNA genomes or to those that were beginning to convert

their genetic information from RNA into DNA (retroviruses).

If this hypothesis is correct, it has interesting implications concerning

the stage at which DNA replaced RNA as replicable repository of genetic

information. Some viral RNA genomes are of considerable length (up to

some 35 000 nucleotides), and the proteins they code for can be of a size

similar to that of present-day proteins. The inference, therefore, is that

DNA came on the scene at a late stage and that much of the process of

gene lengthening and maturation involved RNA, rather than DNA, genes

(see Chapters 8 and 9).
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14 The First Fork

By definition, the LUCA, being the last universal common ancestor, stands

at the apex of the first bifurcation in the history of life that had both

branches surviving and extending until the present day through an un-

interrupted line of descent. By analogy with other evolutionary bifurca-

tions, it may be assumed that this historical first was initiated when some

mutant form was allowed by natural selection to develop into a new line,

most likely adapted to a different environment, while the original line

went on unchanged. Thus, one branch of the postulated bifurcation was

new, whereas the other continued the LUCA, forming what is known as

the root of the tree of life.1

Until the development of modern molecular methodologies, these

events remained shrouded in the darkness of the distant past. Our igno-

rance, in fact, covered the major part of the history of life, when only

microbes existed and spread their networks over the entire Earth, leaving

1 The notion of a tree of life, which goes back to Darwin, has come under increasing
criticism in recent years. As will be mentioned later in this chapter, a movement is
under way tending to replace the tree image by that of a net (reticulated tree) or of
a ring. Such representations should not obscure the fact that life stems from a single
root, which, by definition, must have split into the first fork, as described here. It is
subsequent interrelationships among branches that are responsible for the formation of
the proposed net or ring.
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hardly any trace of their passage. For most observers, the deepest cleft

was that between prokaryotes and eukaryotes (from the Greek karyon,

nucleus). Prokaryotes, commonly called bacteria until recently, are single

cells of small size, with little internal structure and no defined nucleus.

Eukaryotes, which may be unicellular (protists) or multicellular (plants,

fungi, and animals), consist of much larger cells with a highly structured

interior (cytoplasm) and a distinct, fenced-off nucleus. It was generally as-

sumed, almost as a matter of course, that prokaryotes were alone on the

scene for some undefined length of time, until a mysterious transition

process opened the way toward eukaryotes.

Molecular Phylogenies

This state of our knowledge changed dramatically with the development

of methods for the sequencing of proteins and nucleic acids. These meth-

ods have allowed a novel, particularly powerful approach to the prob-

lem of origins. It was already mentioned in the preceding chapter that

sequence similarities among genes that perform the same functions in

widely different organisms provide the most convincing proof of the sin-

gularity of life on Earth. What are now exploited, with enormous success,

for the reconstruction of phylogenetic trees are the sequence differences

among such genes or their products.

The principle of the new methods is simple. When two lines diverge

from a common ancestor, their genes start distinct evolutionary histories.

As long as the mutations they undergo remain compatible with survival –

we have seen that such is often the case, thanks, notably, to the opti-

mized structure of the genetic code – these mutations are conserved and

accumulate in the genomes, which thus become progressively different

from that of the common ancestor. Due to their fortuitous character, these

mutations are very likely not to be the same in the two lineages. There

will thus be sequence differences between the evolutionary offshoots of

the same ancestral gene that are found today in the descendants of the

two lineages concerned. These differences tell us something of the his-

tory of the two lineages since their separation from their last common

ancestor.
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Up to here, all is luminously simple. Where things start to be-

come complicated is when we try to clarify what is meant by the word

“something.”

In an ideal world, mutations would take place with a constant fre-

quency, identical in the two lineages. The number of differences between

the two sequences would thus become a measure of the time that had

elapsed since the bifurcation, expressed in terms of the mutation rate.

This has been called the “molecular clock.” Alas! things are not so simple.

They would not be even in an ideal world. Indeed, the same mutation

will, from time to time, take place in the two lineages and will thus go

unnoticed. Or again, a given mutation may be followed by a second one

that supplants or erases it, a happening whose probability increases with

the age of the lineage’s ancientness. Especially, not all mutations are point

mutations, leading to the replacement of one base by another. Genomes

may undergo many other modifications, such as deletions or insertions

of one or more bases, inversions and transpositions of certain stretches,

and so on. In addition, it has become clear with experience that the very

notion of molecular clock is false. The frequency of mutations is not con-

stant. It varies from one time or place to another, from one organism to

another, from one gene to another, and even from one region of the same

gene to another.

Because of all this, and much more that I must skip, the construction

of molecular phylogenies has become a very complicated science, beset

by many hazards. To be sure, technologies have been refined accordingly,

increasingly sophisticated algorithms have been invented for computer

processing of the data, and, especially, there is available an invaluable as-

set: there are a great many genes, and sequencing techniques have been

improved to such an extent that the number of sequences at hand grows

almost daily. Thus, it has become increasingly possible to verify certain

conclusions by cross-checking. This, however, does not prevent even ex-

perts from feeling lost today and failing to agree on the relative merits of

different methods.

A detailed discussion of these methods would be far beyond the scope

of this work, let alone the competence of the author. Interested readers
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will find a useful introduction to the topic and its abundant literature in a

recent in-depth review (Gribaldo and Philippe, 2002). For the purpose of

the present book, I can only attempt, with all due caution and awareness

of my own limitations,2 to summarize a few notions that seem to me to

emerge with a certain degree of confidence from the moving context of

present-day data.

The first attempts at comparative sequencing and phylogenetic anal-

ysis date back to a time, in the early 1960s, when only protein sequenc-

ing was technically possible (Dickerson and Geis, 1969). First carried out

on small proteins of animal and human origin, including cytochrome c,

globin, fibrinopeptides, and lysozyme, the investigations immediately

yielded gratifying results. Compared with paleontological data, the find-

ings showed excellent agreement, supporting the general validity of the

method. They revealed further that the number of amino acid replace-

ments (already corrected for multiple mutations of the same site) was a

linear function of geological time, but of a slope that could vary consid-

erably according to the nature of the protein. The notion of a molecular

clock was thus validated, but with the important qualification that there

is no absolute clock; each protein has its own. Although not unexpected,

this finding was greeted with great satisfaction, because of its Darwinian

implication. The rate of change was obviously different for different pro-

teins, not so much because they mutated at different rates, as because nat-

ural selection allowed a greater or lesser proportion of mutant molecules

to pass through, depending on the stringency of the constraints linking

the proteins’ functions to their amino-acid sequences. This dependence

and, with it, the pace of the molecular clock could change if the protein

was being adapted to a different function – if, for instance, lysozyme be-

came �-lactalbumin. All this augured very favorably for the future of the

method, destined, as already foreseen at the time, not only to reinforce

paleontological data but, especially, to extend them to events of which

2 I am greatly indebted to Andrew Roger for an incisive criticism of an early version of
this and the subsequent few chapters. He has helped me avoid several mistakes but bears
no responsibility for those that remain. My friend and colleague Miklos Müller has also
been very helpful.
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no fossil vestige exists.3 Relying entirely on present-day organisms, the

molecular approach allowed the past to be read in the traces it has left

in extant genomes, back, at least in theory, to the very first events in the

history of life.

This approach, reserved until then to a minority of patient and moti-

vated experts, received an enormous boost in the late 1970s, when meth-

ods for DNA and RNA sequencing became available. The subsequent ad-

vances in the efficiency and rapidity of those methods have spawned a

profusion of new results, together with, as already mentioned, a host of

theoretical refinements – and complications.

An early landmark in this new stage occurred when the American

microbiologist Carl Woese, a pioneering investigator in the field, under-

took to apply comparative sequencing to a wide range of samples of

the RNA component of the small ribosomal subunit (SSU rRNA), part

of the ubiquitous protein-synthesizing machinery (Woese and Fox, 1977;

Woese, 1987). His findings yielded two totally unexpected conclusions.

One was that there are two, not one, prokaryotic groups that go back to

very early times, close to the LUCA itself. Woese called these two groups

“archaebacteria” and “eubacteria.” His second discovery, perhaps even

more startling, was that the eukaryotic line appeared to be equally an-

cient and to be itself also initiated in LUCA days. Woese later renamed

the three groups “Archaea,” “Bacteria,” and “Eucarya” and proposed to

classify them as domains, a term meant to stand higher in the hierarchy

than even that of kingdom (Woese, 2000). A schematic view of the tree

based on SSU rRNA sequences is shown in Figure 14.1.

The tree has no timescale. Dating the first fork must rely on the ves-

tiges of life preserved in geological terrains of known age. Because early

life was perforce simple and because most geological formations have

undergone considerable upheavals, such vestiges are increasingly scarce

and difficult to interpret as their antiquity increases. Until recently, the

3 Pioneered by the late Harvard paleontologist Elso Barghoorn, the search for microbial
vestiges (microfossils) in very ancient terrains started at about the same time as the
molecular approach, yielding a rich crop of findings, with its inevitable accompaniment
of interpretative uncertainties and disputes (Schopf, 1999; Knoll, 2003).
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Figure 14.1. The universal phylogenetic tree determined by sequencing of SSU rRNA.
Reprinted with permission from C. R. Woese, Interpreting the universal phylogenetic
tree, Proc. Natl. Acad. Sci. USA, 97, 8392–8396. Copyright 2000 National Academy
of Science USA.

evidence was taken to indicate that advanced microbial life was already

present on Earth 3.5 billion years ago, perhaps even as early as 3.8 billion

years ago (Schopf, 1999). The significance of this evidence has since been

questioned (Brasier et al., 2002; van Zullen et al., 2002; Garcia-Ruiz et al.,

2003), but enough independent signs remain that life does indeed go back

to at least 3.5 billion years ago (Schopf, 1999; Knoll, 2003; Furnes et al.,

2004).

The Great Prokaryote Split

Woese’s discoveries have had a considerable impact on our appreciation of

the prokaryotic world. Whereas Bacteria were found to comprise most of

the organisms classically studied by bacteriologists and microbiologists,

Archaea turned out to include many previously unknown denizens of

soils and oceans, adapted to a remarkable variety of environments. Among

them are the widely distributed methanogens, which inhabit many anaer-

obic milieus, where they survive by converting hydrogen and carbon diox-

ide to methane and water; and the so-called extremophiles, adapted to

particularly harsh environments, including extreme temperature, up to
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110◦C (thermophiles),4 extreme acidity, down to pH 1 (acidophiles), and

extreme salinity, up to saturated brine (halophiles).

Sparked by these findings, a considerable amount of work has been de-

voted to the study of the two prokaryotic groups, especially the Archaea,

of which many new species have been discovered. Confirming the distinc-

tiveness of the two groups, Archaea have been found to share a number

of genetic and biochemical characteristics that are lacking or replaced by

others in Bacteria, and vice versa.

One of the most striking differences between the two groups con-

cerns membrane phospholipids. As already seen in Chapter 10, bacterial

phospholipids contain fatty acids linked to L-glycerol 3-phosphate by es-

ter bonds, whereas the archaeal molecules contain isoprenoid alcohols

linked to D-glycerol 3-phosphate by ether bonds.

Another characteristic difference between Archaea and Bacteria relates

to the cell wall, a rigid, protective structure that surrounds many prokary-

otes. In Bacteria, the cell wall is made of a complex substance, called

murein, in which sugars and both L- and D-amino acids are cross-bridged

together into a continuous network that completely surrounds the cell.

The cell wall of Archaea is not made of murein; it sometimes consists of

a similar substance, pseudomurein, containing only L-amino acids.

Faced with the existence of the two prokaryotic domains, one won-

ders what might have caused an initial divergence decisive enough to

create two sharply distinct branches capable each of fanning out into a

wide variety of forms. Considering the clustering of extremophiles among

Archaea, it is tempting to assume that adaptation to a harsh environment,

most likely excessive heat, was the selective criterion, separating the more

resistant archaean ancestor from the more fragile founder of the bacterial

line, relegated to milder surroundings. This hypothesis is supported by

the fact that the most ancient archaean organisms are all thermophilic.

True, the more ancient bacteria are also thermophilic, but their heat tol-

erance is lower than that of the most resistant archaean thermophiles. In

addition, there is evidence that thermophilic bacteria may have received a

4 A recent work has shown that this limit could exceed 120◦C and even reach 130◦C
(Kashefi and Lovley, 2003).
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number of genes from archaean thermophiles by lateral transfer (Aravind

et al., 1998; Nelson et al., 1999; Forterre et al., 2000).

Heat tolerance depends on a number of factors, including the ether

membrane phospholipids already mentioned, a particularly high G+C

content of rRNAs and tRNAs (the pairing bond between G and C is

stronger than that between A and U), and a greater resistance of the pro-

teins to heat denaturation, a property that is now exploited on a large

scale for the industrial production of heat-resistant enzymes. The pow-

erful technology known as PCR (polymerase chain reaction), which is

universally used for the selective isolation and amplification of DNA, in-

volves a heating step that has been greatly facilitated by the availability

of a heat-resistant enzyme extracted from thermophilic organisms.

From a theoretical point of view, it would seem that adaptation to

heat should be more easily lost than gained: loss of a single, critical

property suffices to abolish heat tolerance, whereas improved heat tol-

erance may depend on the concerted acquisition of a number of differ-

ent, unrelated properties. This kind of reasoning suggests that Archaea

segregated originally by virtue of their resistance to excessive heat and

that they inherited this property directly from a thermophilic LUCA,

leaving Bacteria to emerge later, when a milder environment became

accessible.

We have seen that there are good reasons to believe that the LUCA may

have been the product of a selective bottleneck. Furthermore, the ther-

mophilic character of all the most ancient organisms makes it tempting

to assume that excessive heat was responsible for this bottleneck. Also

supporting the hypothesis of a thermophilic LUCA is the implicit no-

tion that this organism possessed ether membrane phospholipids, a pos-

sibility consistent with the strongly documented proposal by Ourisson

and Nakatani (1994) that terpenoid derivatives, rather than fatty acids,

provided the hydrophobic chains of the first membrane phospholipids.

Whether heat resistance itself may have been acquired during the long

pre-LUCA evolutionary process or may go back all the way to a “hot cra-

dle” is a question beyond even educated guesswork.

The hypothesis that Archaea arose directly from a thermophilic LUCA

is not unanimously accepted. The French investigator Patrick Forterre,
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in particular, has championed the theory that thermophilic archaeans,

as well as thermophilic bacteria, have evolved from a mesophilic

(adapted to a mild temperature) LUCA by a process of “thermoreduc-

tion” (Forterre, 1995, 1999; Xu and Glansdorff, 2002). In support of this

theory, a phylogenetic study based on the G+C content of rRNA has

also led to the conclusion that the LUCA was mesophilic (Galtier et al.,

1999).

The Protoeukaryote

The most contentious aspect of phylogenetic studies concerns the ances-

try of eukaryotes. Early results (see Figure 14.1) suggested that the first

fork led to the separation of Archaea and Bacteria and that eukaryotes

diverged later from the archaeal line. As investigations were extended to

a larger number of genes, however, some eukaryotic genes appeared to be

related to archaeal genes, in agreement with the early findings, but others

were found to be closer to bacterial genes. Thus, the reconstructed genome

of the protoeukaryote, the founder of the eukaryotic domain (also called

“urkaryote” by Woese), seems to be a chimera of archaean and bacterial

genes.

The mixture is not haphazard. The eukaryotic genes of archaeal char-

acter are mostly concerned with replication, transcription, and transla-

tion. On the other hand, the eukaryotic genes of bacterial character deal

mostly with metabolism and other “housekeeping” tasks. The former are

informational, the latter operational (Lake et al., 1999). A particularly

striking similarity between eukaryotes and Bacteria concerns membrane

phospholipids. Eukaryotes, like Bacteria, use ester phospholipids for the

construction of their membranes, instead of the ether phospholipids one

would expect if they originated from Archaea.

A great variety of explanations have been proposed to account for

the genetic chimerism of the protoeukaryote, with hardly any consensus

emerging so far. The field is in constant turmoil, and I cannot possibly do

justice to it within the limits of the present book. I can do no more than

mention some of the issues, with a few selected references that should

help the interested reader delve deeper into the subject.
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Figure 14.2. The ring of life. Representation of the origin of eukaryotes by genome
fusion between a bacterial and an archaean ancestor. Bacteria are on the left,
Archaea on the right. The root is believed to be situated below, on the bacterial
side. Reprinted with permission from M. C. Rivera and J. A. Lake, The ring of life
provides evidence for a genome fusion origin of eukaryotes. Nature, 431, 152–155.
Copyright 2004 Nature magazine.

A first group of explanations attributes the observed chimerism to

some kind of merger, by cell fusion, symbiosis, or endosymbiosis,5 leading

to a hybrid cell endowed with an archaean nucleus and a bacterial cyto-

plasm (Zillig, 1991; Gupta et al., 1994; Margulis, 1996; Horiike et al., 2001).

Strong phylogenetic support for the genome-fusion theory has been pro-

vided in a recent paper by Rivera and Lake (2004), who have pointed

out that if two ancestors, of archaean and bacterial origin, respectively,

joined to make the first eukaryote, the “tree of life” is no longer a tree but

a ring (see Figure 14.2). The authors do not, however, offer any explana-

tion for the mechanism whereby archaean (informational) and bacterial

(operational) genes were selectively retained in the alleged fused genome.

5 As will be explained in the next chapter, the term “endosymbiosis” refers to a process
whereby a cell is taken up by another cell, progressively evolves within the latter, and
becomes subservient to it, up to, sometimes, turning into an organelle. Symbiosis, on the
other hand, designates a relationship between two cells or organisms that both derive
an advantage from living together, while preserving their individuality. We shall see
that the transition from symbiosis to endosymbiosis is a hot topic of contemporary
discussion.
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A variant of the fusion proposal, known as the syntrophic hypothesis

(Moreira and Lopez-Garcia, 1998), envisages the nucleus of the chimera

as originating from an archaean, hydrogen-utilizing methanogen, and

its cytoplasm as formed by a conglomerate of symbiotic, hydrogen-

producing bacteria, related to present-day �-proteobacteria, that assem-

bled around the central archaean, coalesced into a single entity, lost

their nuclei (while abandoning many genes to the archaean nucleus),

and developed an endomembrane system. Another variant, which will

be considered in greater detail in Chapter 17, also rests on hydrogen-

dependent symbiosis but identifies the bacterial participant in this

hybridization process with the prokaryotic ancestor of mitochondria, al-

legedly engulfed by an archaean host cell (Martin and Müller, 1998; Vellai

and Vida, 1999) Yet another variant assumes a distinct protoeukaryote

that acquired its archaean and bacterial genes by two separate endosym-

biotic events (Hartman and Fedorov, 2002).

Another kind of interpretation invokes lateral gene transfer as the

main cause of chimerism. As briefly explained before, lateral, or hor-

izontal, gene transfer takes place between cells that may be entirely

unrelated. Now well substantiated, this phenomenon can happen by a

variety of mechanisms and has been found to occur on a large scale in

the prokaryotic world (Aravind et al., 1998; Nelson et al., 1999; Forterre

et al., 2000; Ochman et al., 2000) and even among unicellular eukary-

otes (Andersson et al., 2003). Cogently defended by Woese, the founder

of the field (Woese, 1998, 2002), and by the Canadian investigator Ford

Doolittle (1999, 2000), this theory has been adopted by a number of

other workers, to the point, as will be seen below, of blurring the very

concept of LUCA. As illustrated in Figure 14.3, frequent enough lateral

gene transfers would transform the “tree of life” into a reticulated form,

or net.

Yet another theory, advocated by, among others, the Belgian re-

searcher Nicolas Glansdorff (2000), puts the main onus on genetic par-

alogy. This phenomenon is the consequence of gene duplication lead-

ing to the formation of two (paralogous) copies of the same gene,

which can then have distinct evolutionary histories. There is considerable
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Figure 14.3. The reticulated tree of life. Multiple lateral gene transfers convert the
tree into a network. Reprinted with permission from W. F. Doolittle, Phylogenetic
classification and the universal tree, Science, 284, 2124–2128. Copyright 1999
AAAS.

evidence that such duplications occurred even before the emergence of

the LUCA.

It does not behoove me, as a mere onlooker attempting, with a focus

on singularities, to unravel the tangled skein of facts and surmises of-

fered by the rich literature on the topic, to take a stand on such a con-

troversial matter. I shall restrict myself to a few remarks of a general

nature.

First, it seems to me that Woese’s rRNA-based phylogeny, which he

himself does not hesitate to qualify as “canonical,” is likely to be correct.

This is not just a case of beginner’s luck, but the outcome of a percep-

tive choice. Ribosomal RNAs go back to the very beginnings of life, they

are highly conserved, and, as parts of a complex interlocked machin-

ery of fundamental importance, they are likely to have been transferred

exclusively by direct, vertical inheritance. Subsequent circularization or

reticulation of the tree should not obscure this basic relationship.

A second point is that it does not seem possible, in the present state of

knowledge, to put dates, even approximative ones, on the key bifurcations
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of the canonical tree. Too many hazards weigh on the interpretation of

evolutionary distances, especially very ancient ones. This uncertainty is

particularly great as concerns the start of the lineage leading to eukaryotes.

Coming to the actual chimerism problem, it should not be forgotten

that eukaryotes are separated from the LUCA by a history that is not only

very long but also marked by a large number of remarkable innovations

that did not take place in the prokaryotic lineages and that have involved

at least one kind of endosymbiotic event, a source of many foreign genes.

This question will be examined in Chapters 15 and 17.

Finally, it is true that, as emphasized by Glansdorff (2000) and by

Wächtershäuser (2003), among others, special attention deserves to be

given to the sharp difference in membrane phospholipid chemistry that

separates Bacteria and Eucarya, on one hand, and Archaea, on the other.

The difference goes back to two chirally distinct pathways, presumably

initiated at the level of dihydroxyacetone phosphate reduction,6 and it

could well represent a typical case of enforced homochirality, as mem-

branes containing the two kinds of lipids are probably unstable (a point,

incidentally, that could be studied experimentally). This raises the prob-

lem how one kind of phospholipid could have replaced the other in mem-

branes, as must have occurred at least once, perhaps twice. Of possible sig-

nificance in this connection is the fact that the ester phospholipids share

a joint origin with neutral lipids, which are not constituents of mem-

branes, serving only for energy storage. Both originate from L-glycerol

3-phosphate. In a cell line making neutral lipids, a small genetic change

would have sufficed to bring about the formation of ester phospholipids.

Acquisition of this ability by horizontal gene transfer or even by con-

vergent evolution, is thus readily conceivable and could have taken place

more than once, letting natural selection tip the balance in favor of one or

the other homochiral membrane structure, depending on environmental

conditions (Wächtershäuser, 2003).

6 A recent phylogenetic study (Boucher et al., 2004) has indeed shown that the en-
zyme catalyzing the formation of D-glycerol 3-phosphate from dihydroxyacetone phos-
phate [see Chapter 10, equation (2)] is one of the few enzymes of ether lipid synthe-
sis that is exclusively archaeal. A number of other enzymes vary among archaeans or
are related to their bacterial homologues in a manner indicating multiple lateral gene
transfers.
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Reappraising the LUCA

The considerations mentioned above have greatly affected the represen-

tation of the LUCA, which defenders of lateral gene transfer now tend to

depict as some sort of community of primitive cells that exchanged genes

so freely among each other as to completely lose their individuality. In

the words of Woese (1998, p. 6858), “the ancestor cannot have been a

single organismal lineage. It was communal, a loosely knit, diverse con-

glomeration of primitive cells that evolved as a unit, and it eventually

developed to a stage where it broke into several distinct communities.”

Others have advocated similar views of the LUCA (Kandler, 1994a, 1994b;

Doolittle, 1999; Martin, 1999; Koonin, 2003).

The issue hinges largely on the significance one gives to the word

“last” in the phrase “last common ancestor.” As understood in the present

book, this term refers strictly to the root of the phylogenetic tree, that

is, the living form that, for the first time in the development of life,

branched into two distinct lines that both extend to the present day.

For the defenders of a communal ancestor, the term encompasses the

whole of the long history, recalled in the preceding chapters, that ends

with the appearance of the last ancestor. Thus, Woese (1998) refers to

primitive cell forms, or “progenotes,” going back almost to the RNA

world and equipped with a simple collection of small genes (apparently

of DNA nature, however) subject to rudimentary replication, transcrip-

tion, and translation, which he imagines as slowly progressing, much in

the manner outlined in Chapter 8, toward genes and proteins of increas-

ing length by a process bootstrapped by the acquisition of replicating

systems of greater accuracy. Progenotes are depicted as freely exchang-

ing genes all along this process, in some kind of “common ancestral

chaos.” In a similar vein, Kandler (1994b) speaks of a “multiphenotyp-

ical population of pre-cells,” exhibiting “frequent mutual exchanges of

templates.”

Regardless of semantics, it seems to me that the “communal” picture of

the LUCA lacks the mainspring of evolutionary progression, selection. Col-

lectivism is the antithesis of competition, and competition is the essence

of Darwinian selection. The same objection has been made by Forterre,
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who is quoted as having said: “to think of LUCA in terms of commu-

nity is to remove the idea of Darwinism from early evolution” (Whitfield,

2004). It is a striking feature of the papers proposing the new view of the

LUCA that they seem to exclude a role of selection in early evolution.

Thus, we are told that “from the start the course of cellular evolution is

a march toward greater complexity, integration, precision, specificity of

cellular design, etc.,” that this is “a task that can be accomplished only

by collective evolution in which many diverse cell designs evolve simul-

taneously and share their novelties with one another” (Woese, 2002, p.

8745). But the driving force behind the march, the mechanisms whereby

useful novelties were separated from those (no doubt the majority) that

were either useless or deleterious, are not mentioned.7

In contrast, the nature of these mechanisms has been the almost tire-

somely repeated leitmotiv of this book. Selection, we have seen, must have

emerged at the same time as replicable RNA. After a brief spell when it

operated directly at the molecular level, this process must soon have be-

come indirect and based on the usefulness of the genes or of their prod-

ucts. The whole developmental history of protein synthesis and progres-

sive lengthening, of the genetic code, of the enzymes that came to cat-

alyze the first reactions of metabolism, and of all the other improvements

that led to the LUCA was, according to the reconstruction proposed in

this book, dominated by selection processes that mandated the partici-

pation of competing protocells endowed with distinctly more stringent

genetic individuality than characterizes the hypothesized progenotes or

pre-cells (de Duve, 2005). Most likely, these protocells did engage in a

certain amount of gene swapping by lateral transfer, but they cannot

7 The omission seems to be deliberate, as indicated by the following statement by Woese:
“In the modern world, evolutionary innovation tends to become established through
selection acting on organisms, whereas in a world dominated by lateral gene trans-
fer, an innovation takes over by direct ‘invasion’” (Woese, 1998, p. 6858). The two
regimes are pictured as separated by what Woese (2002) has called the “Darwinian
Threshold,” a “critical point” in the evolution of the progenote that marks a “phase
change” from the communal state to that of a more integrated cellular organization.
Crossing this threshold is presented as a very late event, posterior to the separation of
Bacteria, which crossed it first, from Archaea and Eukarya, which did so later (Woese,
2002).
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have done so to the extent alleged unless early evolution was driven not

by natural selection but by some other mechanism that remains to be

identified.8

8 A possible way out of the dilemma is provided by Woese in a recent overview with strong
historical and philosophical overtones, in which he writes: “Novelty, of course, doesn’t
exist in a vacuum; it has to have selective value in some environment. For this reason,
I see no way out of the conclusion that cellular evolution began in a highly multiplex
fashion, from many initial independent ancestral starting points, not just a single one.
Such a strategy automatically optimizes both the amount and diversity of novelty gen-
erated because it generates a great variety of selective contexts” (Woese, 2004, p. 183).
Applying this rather cryptic pronouncement to, for example, the mechanism of enzyme
selection discussed in Chapter 3 suggests the possibility that different enzymes could
have arisen simultaneously in different protocell lines, rather than serially in a single
line, subsequently spreading to other lines by lateral transfer of the genes concerned.
This possibility does, however, imply that lateral gene transfer among early protocells
was by far not as pervasive as is intimated by its advocates; it must, like its modern
counterpart, have been sufficiently infrequent to allow different lines to follow distinct
evolutionary histories, individually traced by natural selection.
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The advent of eukaryotic cells represents one of the great, epoch-making

occurrences in the history of life on our planet. Through this event,

the biosphere, which had long remained composed exclusively of sim-

ple prokaryotes, became enriched with a wealth of new microorganisms

considerably more complex than the first ones and, eventually, with all

plants, fungi, and animals; without it, we wouldn’t be around.

When this fateful event took place is not precisely known. As we saw

in the preceding chapter, there is evidence, provided largely by ribosomal

RNA, that the eukaryotic line started diverging from the prokaryotic ones

early after LUCA days – that is, 3.5 billion years ago – or perhaps even be-

fore. But the time of appearance of the first typical eukaryotic cells remains

highly uncertain. The oldest clearly identified eukaryotic fossils are dated

1.5 billion years ago (Knoll, 2003). Earlier traces have been described, but

their eukaryotic nature has been disputed. An origin going back to as early

as 2.7 billion years ago is suggested by the presence, in terrains of that age,

of steranes, the parent group of cholesterol, steroid hormones, and other

derivatives, which are universal constituents of eukaryotes, though not

entirely exclusive ones (Brocks et al., 1999). This thus leaves, between the

LUCA and the earliest known eukaryotes, a gap of at least 800 million

years on which the fossil record is entirely silent. All we have to fill this

gap is the information extant organisms can offer on their history. As we

186
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shall see, the clues are far from negligible but still very incomplete and

open to conflicting and hotly debated interpretations.

What we do know with a considerable degree of confidence, however,

is that this long, mysterious road ended in a singularity; it produced a

new type of cell endowed with a whole series of characteristic properties,

ancestral to all present-day eukaryotes, be they unicellular or multicellu-

lar. Before considering the origin of these new cells, let us first look at the

principal features that distinguish them from prokaryotic cells.

The Hallmarks of Eukaryotic Cells

Eukaryotic cells are, like prokaryotic cells, membrane-bounded entities

containing an enzyme-rich cytosol, in which, among other components,

the protein-synthesizing ribosomes are situated. But eukaryotic cells dif-

fer from their prokaryotic relatives by a number of characteristic traits,

shown schematically in Figure 15.1: (1) a much larger size (20 �m in

diameter, on average, as against 1 �m, which amounts to an almost ten-

thousand-fold increase in volume); (2) a surrounding membrane much

more richly and selectively specialized to carry out exchanges of mat-

ter (transporters) and information (receptors) with the outside; (3) an

internal cytomembrane system functioning in the uptake (endocytosis)

and digestion (lysosomes) of extracellular materials (import) and in the

manufacture [endoplasmic reticulum (ER), Golgi apparatus] and discharge

(exocytosis) of secretion products (export); (4) a cytoskeleton (consisting

mainly of actin fibers and microtubules), connected with ATP-powered

motor elements (myosin, dynein, kinesin); (5) highly structured chromo-

somes segregated, together with the main systems of DNA replication,

DNA transcription, and RNA processing, inside an enclosure (nucleus)

separated from the rest of the cell (cytoplasm) by a membranous enve-

lope (nuclear envelope) reinforced by cytoskeletal components (lamina)

and pierced by pores that allow selective exchanges with the cytoplasm;

and (6) membrane-bounded organelles involved in oxygen consump-

tion (peroxisomes, mitochondria) and, only in unicellular algae and

green plants, in oxygen-yielding photosynthesis (chloroplasts). In ad-

dition, (7) eukaryotic cells divide by a complex mechanism (mitosis)
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Microbody (peroxisome) Actin fibers
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Figure 15.1. The main features of eukaryotic cells. Excerpted from de Duve (1991,
p. 56), the picture is that of a hypothetical protist displaying all the components of
modern eukaryotic cells, with the exception of chloroplasts, which are present only
in unicellular algae and in plant cells.

dependent on the construction of a specialized scaffolding (spindle) made

of microtubules.

As can be found in any modern cell biology textbook, all this is com-

mon knowledge. The structures and functions of the various cell parts are

now understood in great detail and need not be considered further in this

chapter, which will be devoted only to origins and singularities.
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The Origin of Eukaryotic Cells

It is commonly accepted that the main features of eukaryotic cells were

acquired after the appearance of the LUCA, by an entity that had, essen-

tially, a prokaryotic type of organization. This opinion is no longer unan-

imously shared today. As we have seen in the preceding chapter, some

investigators imagine a LUCA closer to eukaryotes, of which prokaryotes

would be descendants rather than ancestors. Some even push back the

origin of eukaryotes to the RNA world.

These notions are based on phylogenetic considerations and are rarely

associated with attempts to explain how the characteristic properties of

eukaryotes may have been acquired. The magnitude of this task can be

assessed by a glance at Figure 15.1. What has to be accounted for is the

formation of the whole, complex, depicted structure, starting from an

ancestral form that, even if not comparable to present-day prokaryotes,

must in any case have shared with them a rudimentary cellular organi-

zation. For this reason, I shall, in the discussion that follows, adopt as

starting hypothesis that eukaryotic cells have arisen, as assumed by the

classical hypothesis, from ancestral entities of prokaryotic type. There will

always be time later on to see how the proposed models can be adapted

to different ancestral forms.

The mechanisms involved in the famous prokaryote–eukaryote tran-

sition have long been subject to abundant speculations, especially after

the decisive advances of cell biology in the 1950s. But the question truly

got off the ground only after 1967, when the American biologist Lynn

Margulis, under the name of Lynn Sagan (she was at that time married to

the celebrated physicist and media personality Carl Sagan), revived the

old but abandoned theory of the prokaryotic origin of mitochondria and

chloroplasts (Sagan, 1967). First received with skepticism, this theory has

now reached the status of established fact. The evidence is overwhelming

that mitochondria and chloroplasts are descendants from erstwhile free-

living prokaryotes that were adopted as endosymbionts – literally, living

together inside – by certain host cells. A similar origin of peroxisomes has

also been envisioned, but this possibility lacks confirmation or, for that

matter, refutation.
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Much has been learned of the nature of the prokaryotic ancestors of

eukaryotic organelles, their endosymbiotic adoption, and their integra-

tion within the economy of their host cells, all topics to be addressed in

Chapter 17. But the nature of the host cells themselves and the mecha-

nisms whereby they came to harbor the endosymbionts remain matters

of considerable uncertainty and debate. In essence, two main theories

have been proposed. They can be described under the labels of primitive

phagocyte and fateful encounter.

The Primitive-Phagocyte Hypothesis

Even before the endosymbiont theory was proposed, workers had re-

flected on the origin of some of the eukaryotic features brought to light

by the new techniques of electron microscopy and tissue fractionation.

In my own research, I had become particularly intrigued by the ori-

gin of lysosomes, which had recently been recognized as digestive or-

ganelles seemingly present in all eukaryotic cells and involved in the

breakdown of extracellular materials taken up by endocytosis and in

that of intracellular materials segregated by autophagy (de Duve, 1963).

In a review written in collaboration with my Belgian coworker Robert

Wattiaux (de Duve and Wattiaux, 1966), we made the proposal illustrated

in Figure 15.2. As a starting assumption, we posited the existence of a

wall-less, heterotrophic prokaryote that depended, like similar present-

day organisms, on the extracellular digestion of food by secreted exoen-

zymes. It all started in this organism, we suggested, with a genetic change

that caused its peripheral membrane to expand excessively. As a neces-

sary consequence of this phenomenon, the membrane would have folded

into increasingly deep invaginations, sometimes leading, through sim-

ple fusion, to the formation of intracellular vesicles containing trapped

extracellular materials, prefiguring endocytosis. Food particles dragged

in by this phenomenon would be digested inside the vesicles by the

exoenzymes, which would continue to be discharged co-translationally

across the membrane, but ending up inside the vesicles instead of out-

side the cell. Originally combining the properties of endosomes, rough

endoplasmic reticulum cisternae, and lysosomes, the postulated vesicles
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Figure 15.2. Hypothetical mechanism explaining the evolutionary origin of a primi-
tive phagocyte from a prokaryotic ancestor: (1) like many present-day heterotrophic
prokaryotes, the putative ancestor relies for nutrition on the extracellular diges-
tion of food by exoenzymes that are made by plasma-membrane-bound ribosomes
and discharged outside; (2) invaginations of the plasma membrane in a wall-less
organism create primitive intracellular digestive pockets in which interiorized food
particles (primitive endocytosis) are broken down by trapped exoenzymes (primitive
lysosome); (3) differentiation of the intracellular membrane system relegates bound
ribosomes to parts of the endoplasmic reticulum and leads to the formation of dis-
tinct membranous domains, and the cell increases considerably in size. Illustration
from de Duve (1984, p. 98).

would subsequently have differentiated into the various parts of the eu-

karyotic cytomembrane system.1

There are attractive aspects to this model: the postulated process could

have depended on a simple genetic change, leading to enhanced phos-

pholipid synthesis, for example; and, especially, it includes a powerful,

plausible mechanism for its own selection. As we wrote, “the advantages

of this development are obvious. It relieved heterotrophy from the eco-

logical requirement for a confined and relatively stagnant environment;

1 For a more detailed description of the model, see de Duve (1995, 1996, 2002).
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at the same time, it made larger membrane areas available for nutritive

exchanges to take place efficiently with deep-seated portions of the cell,

possibly providing in this manner an opportunity for further cell growth

and organization” (de Duve and Wattiaux, 1966, pp. 471–472). I con-

veyed the same message later in more lyrical terms: “Until then, in order

to benefit from their exoenzymes, the cells had to rely on extracellular di-

gestion. Unless they had other means of subsistence, they were practically

condemned to reside inside their food supply, like maggots in a chunk of

cheese. Henceforth, they would be free to roam the world and to pursue

their prey actively, living on phagocytized bacteria or on other engulfed

materials. This development could well have heralded the beginning of

cellular emancipation” (de Duve, 1984, p. 99).

A similar idea was put forward independently by the microbiologist

Roger Stanier, who wrote in 1970: “The capacity for endocytosis would

have conferred on its early possessors a new biological means for obtain-

ing nutrients: predation on other cells” (Stanier, 1970, p. 27). The most

committed advocate of the theory was – and still is – the British biolo-

gist Thomas Cavalier-Smith (2002), who made the same suggestion, also

independently, adding the important point that the development of the

membrane system must have gone together with the coevolutionary de-

velopment of the cytoskeletal and motile elements needed to direct the

membrane movements. In his words, written in 1975 (when he assumed

that the ancestral cell was a cyanobacterium), “a phagocytic pre-alga

could photosynthesize by day or during the Arctic summer, and phago-

cytose by night or during the Arctic winter (or in any dark environment)”

(Cavalier-Smith, 1975, p. 463). The images differ, but the main idea is the

same.

It must be emphasized that our model antedates the endosymbiont

hypothesis; its objective was to account for the development of some

of the main features of eukaryotic organization, in particular lysosomes,

which indeed it does. Remove the oxygen-consuming organelles from

Figure 15.1, and you are left with an entity that could conceivably have

arisen by the proposed mechanism. The name “primitive phagocyte”

was given to this hypothetical ancestral form because ability to feed by

phagocytosis and to digest the captured food intracellularly was seen
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as the cardinal feature of the organism. Several arguments support the

model.

First, there are the many indications of kinship between eukaryotic

cytomembranes and prokaryotic cell membranes. The two harbor many

phylogenetically related systems, including protein-translocating mecha-

nisms that go so far as to recognize each other’s signal sequences. There is

thus ample proof that, as surmised, the eukaryotic cytomembrane system

arose by expansion and internalization of a prokaryotic cell membrane. A

side aspect of the model is that it could even account for the birth of the

eukaryotic nucleus. It is known that, in prokaryotes, the chromosome is

anchored to the cell membrane. If the membrane patch involved in this

anchoring had become internalized in the manner suggested, it could

have ended inside the cell in the form of a membranous sac containing

the chromosome, the most primitive form of a nucleus (de Duve, 1991).

A possible vestige of this process is the fact that, in present-day cells, the

nuclear envelope is assembled from endoplasmic reticulum vesicles.

Given the prokaryotic origin of eukaryotic membranes, a significant

advantage of the proposed model is that it accounts for the implied tran-

sition by a smooth succession of plausible, viable intermediates, with the

passage from extracellular to intracellular digestion as the guiding thread.

The only major innovations required – this is true of any hypothesis one

may propose – concern some of the cytoskeletal proteins, which must

have arisen from ancestral prokaryotic molecules that still await accurate

identification (Nogales et al., 1998; van den Ent et al., 2001).

The greatest merit of the primitive-phagocyte hypothesis is that it

allows for a continual, powerful, selective support of the assumed trans-

formation. There can be little doubt that the ability to capture food and

to digest it intracellularly must represent an immense asset for any unicel-

lular, heterotrophic organism. Furthermore, the selective pressure could

have been maintained uninterruptedly during what must obviously have

been a long, gradual process, because every step would have entailed an

evolutionary benefit.

No other mechanism has, so far, been proposed to explain these

crucial developments. So the primitive-phagocyte hypothesis deserves

consideration whatever mechanism one envisions for the adoption of
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endosymbionts. As it turns out, however, the hypothesis seems almost

made to order to account for this phenomenon. Phagocytosis is the uni-

versal mechanism whereby eukaryotic cells capture microorganisms. In

most cases, the captives are killed and digested within lysosomes; they

occasionally escape this fate and develop either inside vesicles of the cy-

tomembrane system or in the cytosol, usually leading to sickness and

death of the affected cells. Exceptionally, host and prey establish a rela-

tionship of mutual tolerance that tends to become symbiotic to the extent

that each partner of the relationship provides an asset to the survival of

the other. Many such examples are known. Given enough time, the pro-

gressive enslavement of the endosymbiont by the host cell, notably by

way of massive gene transfers, is readily visualized (see Chapter 17).

The case for the primitive-phagocyte hypothesis received what ap-

peared as clinching support from the first molecular phylogenies, which

pointed to several groups of microorganisms devoid of mitochondria,

including diplomonads, microsporidia, and trichomonads, as occupying

the lowest branches of the eukaryotic tree. Here, it was hailed, were de-

scendants of the primitive phagocyte that branched from the parent line

before the endosymbiotic adoption of mitochondria.

This explanation was later severely shaken by various observations2

that suggested strongly that a number of amitochondriate (without mito-

chondria) protists may once have contained mitochondria and lost them

subsequently in the course of evolution. Several genes believed to be of

mitochondrial origin were identified in the organisms’ nuclear genomes,

into which they had presumably been incorporated by transfer from

the endosymbiont before it was lost (see Chapter 17). Small membrane-

bounded structures, taken to be mitochondrial remnants and called mito-

somes for this reason, were even recognized in the cytoplasm of some of

the organisms. One of these organisms, namely a microsporidium, turned

out, in addition, to be badly misplaced on the early tree, actually belong-

ing to the group of fungi. Finally, there is the evidence, to be examined

2 A detailed account of this important topic is beyond the scope of this book. Interested
readers will find additional information and most of the relevant bibliography in Martin
and Müller (1998), Martin et al. (2003), and Tovar et al. (2003).
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in greater detail in Chapter 17, indicating that some organelles, known

as hydrogenosomes, may be related to mitochondria. Because of these var-

ious findings, it is widely believed, nowadays, that there is no eukaryotic

organism, among those that have been adequately explored, whose an-

cestry does not include a forebear that once contained mitochondria or a

related organelle, the inference being that, if the primitive phagocyte ever

existed, it has left no extant descendant of a lineage that never contained

endosymbionts. In other words, the adoption of mitochondria signals

the eukaryotic singularity. In the eyes of many observers, these facts in-

validate the primitive-phagocyte hypothesis, a “view founded more in

tradition than in evidence” (Martin et al., 2003).

Thus, one might say, quoting T. H. Huxley, was a beautiful hypothesis

killed by an ugly fact. “Grossly overkilled” is really what should be said. It

is obvious that the new findings offer no reason for rejecting a hypothesis

that has in no way lost verisimilitude but only lost what was mistakenly

taken to be a confirmation. In the words of Carl Sagan, absence of evidence

is not evidence of absence. We should remember that the world of protists

is still poorly known. Perhaps some surviving descendant of the primitive

phagocyte is still lurking somewhere, waiting to be discovered.3

It is also worth recalling that the primitive-phagocyte hypothesis was

not proposed to account for endosymbiont adoption but to explain how

some of the main eukaryotic features, especially the cytomembrane sys-

tem and the cytoskeleton, could have developed in the course of evolu-

tion. The fact is that no other plausible hypothesis has yet been put for-

ward to account for these momentous changes; they are either ignored

or glibly covered in a single sentence that offers no explanation, whether

mechanistic or selective.

Mention must be made here of a recent study by Hartman and Fedorov

(2002), which has enriched the field with new data of great interest. Com-

paring a set of 2136 protein sequences found in databases, the authors

have singled out a total of 347 proteins “that are found in eukaryotic cells

3 Interestingly, membranous structures and what could be the inception of a nucleus
have recently been described in microbes called planctomycetes (Lindsay et al., 2001).
I am indebted to Nicolas Glansdorff for having drawn my attention to this interesting
observation (which, incidentally, is mostly cited in support of a eukaryotic LUCA).
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but have no significant homology to proteins in Archaea and Bacteria.” A

number of these proteins are connected with the cytomembrane and cy-

toskeletal systems. The authors interpret their findings as evidence of the

early existence of a phagocytic cell ancestral to all eukaryotes. Called the

chronocyte, this ancestral cell is taken to have separated from prokaryotic

lines in the RNA world and to have continued functioning with an RNA

genome until engulfment of an archaean prokaryote endowed it with an

endosymbiotic, DNA-based nucleus.4

This view, which was proposed many years ago by Hartman (1984) and

has since been adopted also by the Sogin group (Sogin et al., 1996), is even

more radical than Woese’s model of the LUCA referred to in the preceding

chapter (Woese, 1998). Should it be verified, the model proposed for the

chronocyte not only would demand a complete reappraisal of our views

on the LUCA and the first fork but also would cause us to revise many

of our ideas concerning the evolutionary potential of RNA genes. The

arguments offered until now in support of the model are, however, far

from being sufficiently compelling to justify such an upheaval.

Note that the actual data are not particularly surprising in themselves,

for it is evident that the development of eukaryotes must have involved

many innovations that did not take place in the prokaryotic lines. What

may seem surprising and represents the authors’ main argument is the

lack of obvious kinship between the sequences under consideration and

prokaryotic sequences. Given the enormous durations involved – at least

800 million years, as we have seen – and the fact that innovations may di-

verge more rapidly from a parent line than mere functional continuations,

the possibility that the proteins share ancestry with prokaryotic proteins

but that traces of this ancestry have largely been erased cannot be ruled

out. Remember that vestigial traces of a prokaryotic origin have already

been found for certain typical eukaryotic proteins (Nogales et al., 1998;

van den Ent et al., 2001); others may well be uncovered in the future.

Even if such allowances are made, the fact remains that the proteins

concerned must be very ancient, especially in that many distinct species

4 The model of an RNA-based protoeukaryote proposed by Poole et al. (1999) deserves to
be recalled in this connection (see footnote 2, Chapter 8).
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are involved. As will be pointed out below, such antiquity by indicat-

ing that the main features of eukaryotic cells were acquired early, argues

in favor of the primitive-phagocyte hypothesis. On the other hand, the

claim that this cell may have functioned on an RNA genome rests so far

on flimsy evidence and will need much stronger corroboration before it

is accepted. Quoting Carl Sagan again, extraordinary claims require ex-

traordinary evidence.

The Fateful-Encounter Hypothesis

This hypothesis was proposed by Lynn Margulis in her historic article

on the endosymbiotic origin of organelles (Sagan, 1967). In that pa-

per, and in later works, she depicted the postulated encounter as an

attack on some unidentified prokaryote, which became the host cell,

by a “fierce predator,” also of prokaryotic nature and tentatively iden-

tified as a Bdellovibrio relative, destined to become the endosymbiont

(Margulis, 1981; Margulis and Sagan, 1986). She dismissed the alternative

hypothesis of an endocytic uptake of the endosymbiont on the ground

that “pinocytosis and phagocytosis have never been seen in prokaryotes”

(Margulis, 1981), and she suggested, instead, that it was the acquisition

of mitochondria that allowed the development of phagotrophy. She did,

however, credit phagocytosis for the subsequent uptake of the ancestors

of chloroplasts. As to the other eukaryotic features, her main focus has

been on what she calls “undulipodia,” the motor appendages, character-

ized by the same arrangement of microtubules, that comprise eukaryotic

cilia and flagella. These appendages, she has claimed, were acquired by

another fateful encounter, involving a relative of present-day spirochetes,

motile prokaryotes that include the agents of syphilis and of Lyme disease.

This hypothesis, which confuses two entirely unrelated types of flagella,

has few adherents today.

It is a tribute to the authority Margulis has gained as the champion of

the endosymbiont theory – and also a tribute to her charismatic persua-

siveness – that the fateful-encounter model has found wide acceptance in

spite of its being largely gratuitous. The theory has even gained greater

credit in recent years with the findings, reported in the preceding chapter,
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suggesting that the eukaryotic genome is a chimeric association of an ar-

chaeal and a bacterial genome. Defenders of this fusion theory all take

the phenomenon as initiated by an encounter between two prokaryotes

leading to an endosymbiotic relationship. A particularly persuasive case

in favor of the fateful-encounter theory combines genome fusion with

the origin of mitochondria (Martin and Müller, 1998). Remarkably, none

of the defenders of this theory elaborates on the alleged pathway leading

from a symbiotic relationship, which is a commonplace phenomenon, to

endosymbiotic adoption, which is an extremely rare one, or, especially,

on the development of the main properties of eukaryotic cells. This ques-

tion will be examined further in Chapter 17, after we have taken a brief

look at a major protagonist in the endosymbiont game: oxygen.

In the meantime, a fundamental difference between the two mod-

els under discussion must be underlined. Models based on the fateful-

encounter hypothesis all assume that the typical properties of eukary-

otic cells were acquired after the uptake of the first endosymbionts,

which is viewed as the triggering event of the entire transformation from

prokaryotic life to its eukaryotic form. In contrast, the proposed primi-

tive phagocyte is seen as having developed before the uptake of the first

endosymbionts and as having been directly instrumental in this uptake.

The importance of this difference can hardly be overemphasized. In par-

ticular, eukaryotic proteins are expected to be much older in the former

case than in the latter, a point of critical interest in connection with the

sequence data discussed above (Hartman and Fedorov, 2002).



P1: IBE
052184195Xc16.xml CB804-De Duve 0 521 84195 X June 30, 2005 2:25

16 Oxygen

There is considerable evidence, from the analysis of very old terrains, that

Earth’s atmosphere at the onset was virtually devoid of oxygen and that

its present content of this gas is due to the advanced form of photosyn-

thesis carried out by cyanobacteria and by the chloroplasts of unicellular

algae and green plants, a process whereby electrons are extracted from

water with the help of energy from light, releasing molecular oxygen.

In accordance with this explanation, the amount of oxygen (O2) in the

atmosphere is equivalent to the total amount of carbon (derived from

CO2) immobilized in biomass and in fossil deposits by oxygen-producing

photosynthesis (Figure 16.1). This balance, established over hundreds of

millions of years, is now being threatened by the excessive return of

biocarbon to the atmosphere due to the increasing human consumption

of fuel.

An obvious correlate of the geochemical evidence is that the first

forms of life were anaerobic and remained so until the time, about

2.2 billion years ago, when the oxygen content of the atmosphere started

rising (Bekker et al., 2004). According to a hypothesis publicized by Lynn

Margulis under the dramatic name of oxygen holocaust, the rise of atmo-

spheric oxygen caused a massive extinction of the life forms that existed

at the time. It is, indeed, known that, in living organisms, oxygen readily

gives rise to toxic derivatives, including the hydroxyl radical (OH), the

199
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Figure 16.1. The equivalence between atmospheric oxygen and immobilized organic
carbon. Diagram shows how the amount of oxygen present in the atmosphere is
equivalent to the amount of CO2 carbon immobilized in biomass and, secondarily,
in fossil fuels by the mediation of oxygen-producing photosynthesis. Metabolic ox-
idations and fuel combustion use up oxygen and return an equivalent amount of
carbon to atmospheric CO2. Increased combustion of wood and, especially, fossil
fuels is upsetting this balance, leading to a decrease in atmospheric oxygen content
(imperceptible under present circumstances) and to a (highly significant) increase
in atmospheric CO2 content (doubling in the last century), with as a consequence a
warming of the climate due to the greenhouse effect. Note that the contributions of
chemotrophy and of primitive photosynthesis to carbon storage are not included in
the diagram.

superoxide ion (O2
−), and hydrogen peroxide (H2O2), all of which can

cause considerable harm, as exemplified by today’s strict anaerobes – the

bacillus of gaseous gangrene is an example – which are killed by oxy-

gen. All aerobic organisms are protected against these effects by specific

enzymes, such as superoxide dismutase, peroxidases, and catalase.

According to the oxygen-holocaust scenario, oxygen created one of

the most stringent bottlenecks in the history of life, sparing only those

organisms that found refuge in an oxygen-free niche and, rare but im-

mensely important, those that happened to develop adequate defense

mechanisms in time. From these survivors, it is assumed, a group emerged

that progressively turned mere protection into what was to become the

most powerful source of biological energy: the use of molecular oxygen

as final acceptor in downhill electron transfers coupled to the assembly

of ATP.
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A popular version of this scenario, to which I subscribed (de Duve,

1995, 2002), sees the primitive phagocyte – or whatever organism be-

came the endosymbionts’ host cell – and all the organisms that preceded

and accompanied it as having been obligatory anaerobes, which were vir-

tually wiped out by oxygen when it appeared. According to this version,

only those forms that acquired oxygen-utilizing organelles managed to

squeeze through the bottleneck, allowing eukaryotes to survive and even-

tually give rise to the most conspicuous and diverse part of the biosphere,

including the human species.

This intellectually attractive theory has been shaken in recent years

by various hints suggesting that oxygen may not have been as rare on

the early Earth as envisaged by the oxygen-holocaust scenario (Lane,

2002). One piece of evidence came from the discovery, by the American J.

William Schopf, of 3.5-billion-year-old microfossils that he identified as

originating from cyanobacteria (Schopf, 1999). However, this identifica-

tion, and even the biological origin of the alleged microfossils, have since

been contested (Brasier et al., 2002). The controversy is still unresolved,

but the cyanobacterial origin of the traces is generally considered doubt-

ful and no longer claimed by Schopf. Not just photosynthesis, however,

is considered responsible for the early production of oxygen. It is widely

accepted that small amounts of this gas were continually generated by

the ultraviolet-induced splitting of water, followed by loss to outer space

of the hydrogen released.

The main problem, however, is not whether oxygen was or was not

produced, but what level it reached in the atmosphere and, especially,

in the waters harboring the living organisms that existed in those days.

This depends on the efficiency of the available oxygen sinks, which is the

name given to systems able to trap oxygen chemically. The main sink

was probably ferrous iron (Fe2+), which was present in large amounts in

the early oceans and is readily oxidized to ferric iron (Fe3+) by molecular

oxygen, resulting in a highly insoluble mixed ferrous–ferric oxide, which

eventually gives rise to the mineral magnetite. That this reaction may have

taken place on a large scale is supported by the existence of magnetite-

rich geological formations – known as banded iron formations because of
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their stratified structure – dating back to times ranging between 3.5 and

2 billion years ago.

Most workers believe that the iron sink long remained effective

enough to protect anaerobic life against oxygen toxicity and that oxygen

became threatening only when this sink became saturated, and especially

when cyanobacteria started developing in large amounts, releasing in-

creasing quantities of oxygen by photosynthesis. The sink, however, can-

not have been effective to the point that no oxygen at all was present.

Interestingly, some bacteria adapted to such a situation exist today, com-

bining the characteristic sensitivity of strict anaerobes to substantial oxy-

gen levels with the ability to tolerate the presence of very low levels of

the gas, and even benefit from it (Baughn and Malamy, 2004). Called

nanaerobes (because they grow in nanomolar concentrations of oxygen),

these organisms owe their ability to use oxygen to their possession of

a cytochrome oxidase presumably characterized, like other enzymes of

this type, by a high affinity for oxygen. The molecular phylogeny of this

enzyme apparently goes back almost to the LUCA, suggesting that early

life may well have been “nanaerobic,” rather than strictly anaerobic. This

possibility agrees with other findings indicating that biological oxygen

utilization may have started very early (Castresana and Saraste, 1995),

though this does not necessarily mean that the oxygen holocaust is a

myth. Remember that present-day nanaerobes are killed by atmospheric

oxygen, just like strict anaerobes.

There is another argument, however, suggesting that the rise in atmo-

spheric oxygen that took place around 2.2 billion years ago may not have

had as deadly consequences as was believed. Evidence has been found

indicating that the lower part of early oceans may have been kept largely

anoxic by an abundance of sulfide-producing bacteria, even when the

upper part became progressively enriched with oxygen (Canfield, 1998;

Anbar and Knoll, 2002; Knoll, 2003; Arnold et al., 2004). Thus, a luxu-

riant anaerobic ecosystem could have continued thriving in the depths

while aerobic organisms flourished above. There would have been plenty

of opportunity, between the two regions, for a graded transition from one

form of life to the other.
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As mentioned in Chapter 15, there is considerable disagreement concern-

ing the manner in which the initial relationship between prospective

host cells and endosymbionts may have been launched. What followed,

however, is fairly well understood, at least in its main lines, from fea-

tures that are common to the two historically established instances of

endosymbiosis. Whether in the case of mitochondria or that of chloro-

plasts, essentially two kinds of events were involved in the adoption of

the organelles.

In both cases, the endosymbionts have lost a major part of their genes,

and a certain number of these have been transferred to the host-cell nu-

cleus and integrated within its genome in a manner that allowed replica-

tion and transcription of the genes by the local mechanisms. Interestingly,

it may happen that such genes or remnants of them remain in the nucleus

after the organelles themselves have been lost or become degenerate. This

kind of evidence first revealed that the ancestors of certain amitochondri-

ate protists may once have contained mitochondria, a finding that, as we

have seen, was brandished against the primitive-phagocyte hypothesis.

The second phenomenon consists in the translocation into the en-

dosymbiont of the protein products of certain endosymbiont genes dis-

placed to the host-cell nucleus. Such proteins are synthesized, like the

host-cell proteins, by cytosolic ribosomes instructed by RNA messages

203
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transcribed in the nucleus. If the proteins play an essential role in the

endosymbiont, their translocation must be operative before the rele-

vant gene is definitively lost by the endosymbiont and transferred to the

nucleus.

These mechanisms and the selective advantages that may have

driven their development have been discussed in previous works (de

Duve, 1995, 2002).1 They will not be considered further in this chap-

ter, which is devoted to the singularity of the adoption process and its

possible causes.

Mitochondria and Hydrogenosomes

Mitochondria are the “power plants” of eukaryotic cells. Surrounded by

two membranes, they house in their inner, pleated membrane (cristae) the

phosphorylating respiratory chains responsible for the oxidative genera-

tion of ATP in the vast majority of eukaryotes. There is clear evidence that

all mitochondria are derived from a single ancestral endosymbiont, which

is itself derived from ancient bacteria most closely related to present-day

�-proteobacteria.

As soon as this fact was suspected, the question arose as to what evolu-

tionary advantage could have favored the observed association between

the endosymbionts and their host cells. This question was first answered

in the framework of the oxygen-holocaust hypothesis. The assumption

was made that the host cell was an obligatory anaerobe that would have

been wiped out by oxygen, had it not been rescued from this fate by its

oxygen-utilizing endosymbionts.

Arguing against this possibility, however, was the fact that mitochon-

dria, as well as their closest extant prokaryotic relatives, possess the most

efficient and perfected protonmotive respiratory chain found in the en-

tire living world. It seemed unlikely that a strictly anaerobic organism

could have survived all the time needed by some neighboring prokaryote

to acquire such sophisticated systems, waiting, so to speak, in the oxygen-

free wings until adoption of the champion oxygen utilizers allowed the

1 More recent details may be found in Dyall et al. (2004a).
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hero to make its spectacular entrance on the aerobic scene. In view of

this objection, I suggested, as a more likely explanation, that the rescuers

were peroxisomes, which contain oxygen-consuming enzymes of suitably

primitive character (de Duve, 1995, 2002).

How this rescue could have happened cannot be pictured at the

present juncture, for the origin of peroxisomes is unknown. Whichever

way these organelles appeared, it is clear that they could have pro-

tected the primitive host cell against oxygen toxicity until the ancestors

of mitochondria were adopted as endosymbionts. But if such were the

case, what could have been the advantage cells derived from acquiring

mitochondria? Energetic efficiency was seen as the most plausible answer

to this question. Indeed, if, as had to be assumed, the host cells relied for

their ATP supply on primitive systems of the kind involved in substrate-

level phosphorylations, acquisition of the highly efficient carrier-level

phosphorylation systems present in mitochondria would have resulted

in an enormous (almost 20-fold) gain in energy yield, manifestly a deci-

sive selective advantage.

This theory has recently been challenged by findings indicating that

mitochondria are most likely related to hydrogenosomes. Discovered in my

laboratory at Rockefeller University by Miklos Müller (1993), hydrogeno-

somes are membrane-bounded organelles first identified in the faculta-

tive anaerobe Trichomonas vaginalis, a parasite of the female genital tract.

These organelles are characterized by the ability to support the anaero-

bic generation of ATP by a process linked to the production of molecular

hydrogen; hence their name. Hydrogenosomes can also function aerobi-

cally, in which case the hydrogen is diverted oxidatively to form water.

Organelles endowed with these properties have been found in a small

number of phylogenetically distant protists and also in some fungi, indi-

cating multiple origins.

In recent years, a number of genetic kinships between hydrogeno-

somes and mitochondria have been uncovered (Martin and Müller, 1998;

Müller and Martin, 1999; Dyall et al., 2004a; Sutak et al., 2004), lead-

ing to the conclusion that the two kinds of organelles are derived

from a common ancestor, which presumably combined a highly effi-

cient oxidative machinery with the ability to survive anaerobically by a
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hydrogen-generating process. These remarkable findings added a new

dimension to the endosymbiosis problem: In addition to aerobic effi-

ciency, the host cell could gain a second evolutionary advantage from

its endosymbionts, namely the ability to assemble ATP anaerobically by

a mechanism associated with hydrogen production.

A theory based on this second process has been proposed in a land-

mark paper by Martin and Müller (1998). The theory assumes the joining

of an autotrophic, hydrogen-utilizing, archaean prokaryote, possibly

similar to present-day methanogens, with a heterotrophic, hydrogen-

generating, bacterial prokaryote, in a mutually advantageous association

based on the swapping of hydrogen for food. Initially symbiotic, the link

between the two partners is assumed to have changed progressively to an

endosymbiotic one, with the archaean becoming the host, and the bac-

terium the guest that became the common ancestor of hydrogenosomes

and mitochondria.

Note that the starting premise of this hypothesis rests on a well-known

phenomenon. Symbiotic associations between hydrogen-producing and

hydrogen-utilizing prokaryotes are found abundantly in nature. What

is original to the proposal in question is the alleged conversion from a

symbiotic to an endosymbiotic relationship and, especially, the resulting

development of an organelle ancestral to mitochondria and hydrogeno-

somes. The model differs fundamentally in this respect from another

model, also based on hydrogen transfer, that was proposed at the same

time by Moreira and Lopez-Garcia (1998). In the latter model, which

was designed to account for the genetic chimerism of eukaryotes (see

Chapter 14), the roles are reversed. Archaean methanogens become the

endosymbionts, whereas bacteria (related to �-proteobacteria, a group dif-

ferent from the mitochondrial ancestors) become the host cells. I shall re-

turn to this model at the end of this chapter, when discussing the possible

endosymbiotic origin of the eukaryotic nucleus.

The central feature of the Martin–Müller hypothesis, and the rea-

son for its success, is that it traces to a single event the emergence of

two key properties of eukaryotic cells: their genetic chimerism, partly

archaean and partly bacterial, and their possession of bacterial endosym-

bionts, taken to be derived from an ancestor combining the properties
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of mitochondria and hydrogenosomes. According to the hypothesis, the

characteristic hydrogenosomal properties were lost in most cases, leav-

ing typical mitochondria (or sometimes only a few of their genes). In a

few selected cases, which phylogenies show must have happened inde-

pendently more than once, mitochondrial properties were lost, leaving

hydrogenosomes.

In the lively context, recalled in Chapter 14, of phylogenetic investi-

gations and debates on the chimeric origin of the eukaryotic genome, the

hydrogen model has, understandably, attracted a great deal of interest.

It does, however, suffer from some weaknesses and would gain by being

amended.

First, the transition from symbiosis to endosymbiosis is unexplained

by the model. Whereas many examples of symbiosis among prokaryotes

are known, only a single case of apparent endosymbiosis has been de-

scribed (von Dohlen et al., 2001). Cited as proof that “it is possible to estab-

lish an endosymbiosis with a non-phagocytotic, prokaryotic host” (Mar-

tin and Russell, 2003), this single case is hardly demonstrative compared

with the many authenticated cases of endosymbiont uptake by phagocy-

tosis, especially in that the host is not even a free-living prokaryote, but

an endosymbiont itself.

Another weakness of the hydrogen model, already mentioned in

Chapter 15, is that, like all models based on the fateful-encounter hy-

pothesis, it fails to account satisfactorily for the development of important

eukaryotic properties, in particular the cytomembrane system and the cy-

toskeleton, not counting the nucleus, together with all the key functions

associated with these structures. These difficulties are compounded by

the fact that the membranes of the alleged host-cell must have contained

ether lipids, which were somehow replaced by ester lipids, presumably

under the control of genes originating from the endosymbiont (Martin

and Russell, 2003).

Finally, the hydrogen model rests exclusively on the endosymbiont’s

ability to generate hydrogen anaerobically, completely neglecting its aer-

obic assets, which, surely, cannot have lost their value merely by being

associated with a useful anaerobic property. Yet, these assets must have ex-

isted at the time the endosymbiotic link was created. It is inconceivable
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that the hydrogen-generating endosymbiont could later have acquired

the perfected phosphorylating machinery that characterizes mitochon-

dria. If, as the model supposes, the endosymbiotic association arose in

an anaerobic milieu, it must be assumed that the respiratory machinery

remained inactive during the establishment of this association, while stay-

ing functionally intact, ready to resume its activity and again prove useful

when, as necessarily must have occurred, the system moved to an oxy-

genated environment. It is questionable whether prolonged preservation

of such a complex system could have taken place without any selective

pressure.

The existence of aerobic and anaerobic zones separated by a “buffer”

interface, mentioned in the preceding chapter, offers a possible loophole.

It is conceivable that the endosymbiotic relationship was sealed under

strictly anaerobic conditions, as the hypothesis demands, but that the

proximity of an oxygenated zone provided opportunities for the respira-

tory ability of the endosymbiont to prove useful by scavenging infiltrating

oxygen (Martin and Müller, 1998).

There are other possibilities. A primitive phagocyte equipped with

peroxisomes, as surmised above, would also fit the bill as host cell, pro-

vided it derived some advantage from being supplied anaerobically with

hydrogen. Also conceivable is a situation where both members of the sym-

biotic association occur together as endosymbionts in a third cell serving

as host. Interestingly, a parasitic protist present in the hindgut of cer-

tain cockroaches does indeed harbor endosymbiotic, methane-producing

archaeans in intimate contact with hydrogenosomes, which, contrary

to other organelles of the group, still contain small amounts of DNA

(Akhmanova et al., 1998).

Finally, the possibility that the “hydrogen connection” may turn out

to be a red herring and that some other mutual advantage accounted

for the sealing of the endosymbiotic relationship between the ances-

tors of mitochondria and hydrogenosomes and their host cells cannot

be excluded at this stage. In fact, the very basis of the new model,

which is the common ancestry of mitochondria and hydrogenosomes,

still remains open to question (Akhmanova et al., 1998; Dyall et al., 2004a,

2004b). The main problem arises from the fact that, unlike mitochondria,
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hydrogenosomes seem to have appeared more than once in evolution,

with genetic complements that may differ from one lineage to the other

(Horner et al., 2000; Hackstein et al., 2001; Voncken et al., 2002). Such

traits are not readily reconciled with a single origin from an ancestor that

already possessed the typical hydrogenosomal properties (together with

those of mitochondria). An alternative possibility, which definitely de-

serves serious consideration, is that the mitochondrial ancestor initially

lacked the properties of hydrogenosomes and later acquired these prop-

erties by lateral gene transfer in the course of adaptation to anaerobic

conditions, a process that could have happened more than once in dis-

tinct lineages. The genes, which may not have been the same in each case,

could have originated from another endosymbiont (Dyall et al., 2004a).

It is even conceivable that it was this endosymbiont that gave rise to hy-

drogenosomes and that it acquired from mitochondria the genes it shares

with these organelles (Dyall et al., 2004b). Such gene transfers between

endosymbionts could have happened directly or by way of the nucleus.2

What now of the singularity? According to some defenders of the

fateful-encounter hypothesis, a fantastic stroke of luck (mechanism 6)

was involved. In the words of Martin and coworkers (Martin et al., 2003,

p. 197), “the origin of mitochondria was an unspeakable [sic] rare event.”

This is a philosophically loaded statement, as it implies that the whole

visible biosphere, including our own species, owes its existence to “an

unspeakable rare event.”

Other possible explanations can be considered, however, especially if

the primitive-phagocyte hypothesis is accepted. With such cells, the en-

counters themselves between potential host cells and guests would have

been commonplace, just as they are today. What must have been respon-

sible for the singularity are the events that followed and finally led to the

conversion of phagocytized bacteria into endosymbionts. Even if the ex-

planation escapes us, it remains possible that endosymbiotic capture was

2 I have been greatly helped in dealing with this highly specialized topic by extensive
correspondence with Patricia Johnson, to whom I am much indebted. The assistance of
Johannes Hackstein, who has kindly provided me with much precious information, is
also gratefully acknowledged. These colleagues should not, however, be held responsible
for any mistakes I may have made in summarizing the published material and in trying
to make sense of it.
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an indispensable survival condition for the host cells under the prevail-

ing conditions, thereby creating a selective bottleneck (mechanism 2). A

bottleneck of the restrictive type (mechanism 3) can also be envisaged,

in view of the many conditions that had to be satisfied for a success-

ful integration of the endosymbiont. Remember, however, that the same

conditions were fulfilled at least twice (mitochondria and chloroplasts)

and cannot, therefore, have been forbiddingly stringent.3 Finally, there is

also the possibility of a “pseudo-bottleneck” (mechanism 4), such that,

of the many similar lines that were initiated, only a single one ended up

surviving in the common ancestor of all eukaryotes, while all the others

fell victim to the natural extinctions that unavoidably trim phylogenetic

trees. With no help from fossils and with the genetic lines inextricably

intermingled by lateral transfers, paralogies, hidden endosymbiotic in-

heritances, and other complications, the solution to the problem may

never be found; but one can only try. In this connection, the fact that the

same problem is raised by chloroplasts, in what appears to be a simpler

context, could provide suggestive hints.

Chloroplasts

In principle, the chloroplast situation is more straightforward. These pho-

tosynthetic organelles clearly originate from cyanobacterial ancestors that

were adopted as endosymbionts by cells that already possessed mitochon-

dria (and peroxisomes). It is generally assumed that these host cells had de-

veloped the main properties of eukaryotic cells by the time this event took

place, whatever the nature of the host cell that accepted mitochondria,

and that uptake of the ancestral cyanobacteria did occur by phagocytosis.

There is, thus, no controversy of the kind that exists about mitochondria.

As to the selective advantages resulting from the association, they are

obvious. Heterotrophic cells that depended on the continual uptake of

3 This argument is not entirely conclusive, for it is possible that cells that have success-
fully adopted one kind of endosymbiont may more readily adopt a second kind, taking
advantage, for instance, of the protein-translocation system developed in the earlier
process and simply modifying its targeting signals (Dyall et al., 2004a).
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food to survive could, henceforth, rely on their photosynthetic captives

to supply them with nutrients, with the sole requirements being light and

some mineral elements.

Why, then, did the phenomenon occur only once? Or, at least, why has

only a single such phenomenon produced offspring that have survived

until this day? The question is a recent one. Choloroplasts were at one

time believed to be the products of at least three distinct endosymbiotic

events, leading to the separate formation of red, brown, and green algae,

of which only the latter evolved further into multicellular plants. The

present trend, however, is in favor of a monophyletic origin of all chloro-

plasts, even though multiple endosymbiotic adoption processes may have

taken place, but involving chloroplast-containing cells, or even the prod-

ucts of a previous such event, but not free cyanobacteria (Palmer, 2003).

Using Occam’s razor, one is tempted to assume that the singularity has

a similar explanation in the two cases, of mitochondria and chloroplasts,

and that it is somehow connected with the process of endosymbiotic

adoption of a previously free-living prokaryote. Selective optimization

comes to mind as an attractive possibility, considering that many different

combinations of host-cell and endosymbiont genes may be put to a test in

the course of such an adoption process. In such an event, the organelles,

rather than being the outcome of improbable chance events, would have

arisen as the refined products of natural selection.

Other Endosymbionts

Biologists have long been intrigued by the many symbiotic associations

that exist in nature. In the last decades, this interest has extended to

all kinds of endosymbiotic associations, involving not only prokaryotes

and prokaryote-derived organelles, but also eukaryotic cells and parts of

such cells as adopted entities. Endocytobiology has become a distinct

discipline, with its special societies, journals, and meetings. Even a brief

summary of this fascinating field falls outside the limits of this book.

Only a few examples directly related to the origin of eukaryotic cells will

be mentioned.
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As mentioned above, an endosymbiotic origin of eukaryotic cilia and

flagella has been postulated by Margulis, but this hypothesis is no longer

considered likely by a majority of workers.

The origin of peroxisomes, on the other hand, remains a tantalizing,

unsolved problem. At a meeting organized in 1968, I reviewed the bio-

chemical properties of the various members of the peroxisome family that

had been identified at that time in animal and plant cells and in protists,

and I came to the conclusion that the common ancestor from which they

presumably are derived was a metabolically rich entity that could possibly

have originated endosymbiotically from some primitive aerobic prokary-

ote but had kept no trace of this origin, having lost all of its conserved

genes to the nucleus of its host cell (de Duve, 1969). As far as I know, this

possibility remains open but lacks empirical support.

It is to be hoped that future phylogenetic studies will help to clarify

this problem. Peroxisomes are important organelles present in the great

majority of eukaryotic cells. Their hydrogen-peroxide-centered oxidative

machineries suggest that these organelles may have played an important

role in protecting early eukaryotes against the rising level of atmospheric

oxygen. No model purporting to account for the origin of eukaryotic

cells can be complete without providing an explanation for the origin

and evolutionary function of these intriguing organelles.

Finally, attention must be given to the possibility that the eukary-

otic nucleus may originate from an ancestral endosymbiont. This pos-

sibility, which is one of the explanations proposed to account for the

genetic chimerism of eukaryotic cells (see Chapter 15), should not be

confused with the well-established fact that endosymbionts have aban-

doned a large fraction of their genes to the host-cell nucleus, with as

a result a certain degree of fusion between the two genomes. What

is referred to here is the theory, advocated notably by Hartman (1984;

Hartman and Fedorov, 2002), according to which the eukaryotic nucleus

belonged to an archaean prokaryote that was endosymbiotically adopted

by a hypothetical phagocytic host cell, or “chronocyte,” with an RNA

genome. How the DNA-based genetic system of the endosymbiont could

have become integrated within an RNA-based economy is far from clear,

however, and is not explained by the author.
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Also to be mentioned in the same context is the “syntrophic” model,

cited above, of Moreira and Lopez-Garcia (1998), according to which

envelopment of a hydrogen-utilizing, archaean ancestor by hydrogen-

producing bacteria led to an endosymbiotic relationship in which the

archaean would have given rise to the nucleus, and the bacteria to the cy-

toplasm. Except for a vague allusion to the development of an endomem-

brane system from the peripheral membranes of the enveloping bacteria,

the authors of this model hardly discuss the question, although crucial,

of the manner in which the partners of the putative association might

have evolved to concentrate the informational genes of one and the op-

erational genes of the other in a single nucleus derived from the archaean

endosymbiont (see Chapter 14).
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The history of multicellular organisms represents the latest and, thanks

to the fossil record, best-known stage in the long saga of life on Earth.

It has been the subject of many learned treatises and discussions, which

can profitably be consulted by any reader interested in the details. My

purpose, in this chapter, is to focus solely on my chosen topic, namely,

that of singularities, an aspect that, surprisingly, has attracted relatively

little attention from the experts. Yet, singularities are a prominent fea-

ture of the trails that have led to present-day multicellular organisms.

As far as is known, all land plants, all fungi, and all animals are derived

each from a single common ancestor. Each new major group that ap-

peared later in the evolution of life seems to go back to a single stem

organism.

The Founders

Exactly when eukaryotic cells first formed multicellular associations re-

mains uncertain, largely because many such associations may have ex-

isted without leaving any recognizable fossil trace. It seems likely, how-

ever, that single-celled protists thrived and evolved on Earth for as long

as several hundred million years before giving rise to the multicellular or-

ganisms whose descendants surround us today. Why did it take so long?

214
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A plausible answer to this question is that we are not dealing here with

associations as generally understood, that is, entities composed of two or

more genetically different cell populations that came together under the

pressure of natural selection and are held together by the mutual benefits

they derive from joining forces. Many such symbiotic colonies exist, even

in the prokaryotic world. True multicellular organisms originate from a

single cell – either haploid or, more often, diploid and arising from the

fertilization of one haploid cell by another – that produces, in the course

of successive divisions, distinctly differentiated cell types that all possess

the same genome but express different parts of it. The key to the devel-

opment of such organisms lies in the ability to regulate transcription in

such a way that different sets of genes are silenced or activated in differ-

ent descendants of the mother cell. Furthermore, these phenomena need

themselves to be coordinated in time and space so as to give rise to sets of

differentiated cells harmoniously organized into tissues, organs, systems,

and, in the end, whole organisms.

An explanation that could conceivably account both for the late ap-

pearance of these multicellular organisms and for their singular origin

is that their formation was the outcome of extremely improbable events

that required some fantastic stroke of luck to occur (mechanism 6). Ar-

guing against such an explanation is the fact that multicellularity based

on cellular differentiation was developed independently on at least three

separate occasions: by green algae in the case of land plants,1 by some

primitive yeast cells in the case of fungi, and by some motile protists

(choanoflagellates) in the case of animals.

In addition, there seems to be no need of special circumstances to in-

duce sister cells to stick together after their birth. They could do so because

they shared a common housing, as do the cells of plants and fungi. Or

they could bind to each other by way of cell-adhesion molecules, as is the

case with animal cells. Thus, their “choice” between remaining together

and gaining freedom would depend on the relative advantages of the two

states, as explored by various mutational events. The myxomycete (slime

1 Marine red and brown algae are themselves believed to be the products of separate
events.
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mold) Dictyostelium offers an interesting example of an environmentally

regulated alternation between the two states. In times of plenty, the cells

behave like free, amoeboid protists successfully pursuing their individual

existences. When stressed (by scarcity of food, for example), the cells con-

gregate into a fruiting body that, sometimes through sexual reproduction,

gives rise to spores, which serve to preserve the species until the advent

of better days. Revealingly, the distress signal calling for congregation is

sent by means of secreted cyclic AMP, a major ATP-derived molecule with

multiple regulatory functions, which, in the present case, acts by turning

on genes for cell-adhesion proteins. One readily imagines how certain

mutations of transcription-controlling genes involved in cellular differ-

entiation may provide a selective advantage to a given cell association,

which thereby becomes stabilized.

For the above reasons, one is tempted to suspect that the initiation of a

successful association among two and, later, more kinds of differentiated

offshoots of the same mother cell could be a fairly commonplace event,

which may have happened more than once in each kingdom. If so, where

do the singularities observed in the present-day world come from?

To begin with, we must remember that we are dealing here with events

that took place at least 600 million years ago, leaving as only traces (other

than rare fossil remains) the end products of the lineages that have sur-

vived for all those very long times to give us an inkling of what their fore-

bears may have been. Many other similar branches could have started and

become extinct as a result of a variety of unrelated chance factors. In this

case, we would be dealing with what I have called a pseudo-bottleneck

(mechanism 4), not an unlikely explanation, especially in that the present

living world clearly does not include representatives of all evolutionary

intermediates that have existed. What it provides is a spotty sampling,

consisting of lines that, for one reason or another, escaped extinction

and extend to the present.

The possibility, however, that some real bottleneck could account for

the singularities cannot be excluded. It is certainly conceivable that, as

in many earlier instances considered in this book, evolving life had the

opportunity to explore a vast array of possibilities and ended up, at each
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stage, with an optimal or near-optimal combination of genes, given the

circumstances (selective bottleneck, mechanism 2). Such a process could

have been further narrowed down by internal restrictions (restrictive bot-

tleneck, mechanism 3). As will be seen, such restrictions probably be-

came increasingly stringent in the course of evolution, as genomes be-

came more complex.

The Stem Organisms

The tree of life has grown, much like real trees, by a combination of

branch lengthenings and bifurcations. These events are shaped by repro-

duction, as channeled by genetic changes and environmental conditions.

In prokaryotes and single-celled eukaryotes that multiply by binary divi-

sion, events are relatively simple. Branch lengthening reproduces existing

genomes either unchanged or in a form progressively modified by muta-

tions, as screened by natural selection. Forks occur when a mutant cell

detaches from the main line and starts a new branch, often adapted to a

different environment.

Things are more complicated with sexually reproducing organisms.

Reproduction does not operate with entire genomes; it continually shuf-

fles existing genes into new combinations produced in the course of meio-

sis and fertilization, leaving it to natural selection to weed out the less ad-

vantageous combinations. Modified genes are introduced into this pool

by mutant germ cells that happen to participate in a successful fertil-

ization event. Forks are started when genetic variants separate from the

parent population and inaugurate a new line, usually, but not always,

thanks to isolation in a different environment.

An examination of phylogenetic reconstructions discloses two differ-

ent kinds of forks. In one, existing body plans suffer only minor modifi-

cations, often associated with greater evolutionary success in a given en-

vironment, but without significant long-term impact on the evolution of

life. In this form of evolution, which textbooks generally call microevolu-

tion and I like to call horizontal, there is merely creation of diversity within

existing groups. More than a million insect species probably exist, from
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ants and cockroaches to fireflies and praying mantises; but all are insects,

descendants of a single ancestral insect form. Similarly, cods, stingrays,

sea horses, and barracudas all have arisen by horizontal evolution from a

single ancestral fish species.

A much rarer kind of fork is created when the responsible genetic

change initiates a series of successive alterations leading to a profoundly

reorganized body plan. Thus it happened, for example, that some ancient

fish species, instead of merely evolving horizontally to produce other fish,

suffered a change that opened the way toward the first primitive amphib-

ian, through a long succession of stages in which a number of traits were

acquired that allowed the organisms thus endowed to pursue their exis-

tence out of water. Some amphibian species likewise led to the first reptile,

a reptile to the first mammal, and so on. Called macroevolution in text-

books, and vertical evolution in my terminology, this process joins the

founding organisms (stem organisms) of all major phyla by a continuous

line (the trunk of the tree or, better said, its animal master branch), from

which side branches created by horizontal evolution spread out into an

increasing number of ramifications. The evolution of plants and fungi

shows a similar structure.

Lest this image be misunderstood, it must be noted that master

branches are recognized only by hindsight; they may include many inter-

mediates that would have been seen as the products of horizontal evolu-

tion at the time they appeared. For example, lungfish, which are found,

notably, in certain African lakes, look to us like typical products of hori-

zontal evolution adapted to conditions of alternate wetness and dryness.

Only our knowledge of present-day animals allows us to identify lung-

fish as probably related to the ancestors of amphibians. A more correct

way of looking at these events, therefore, is to see horizontal evolution as

branching from the stem organism in all sorts of different directions and

ending almost invariably with specialized forms, well adapted to their

environment but of little evolutionary potential, by all appearances evo-

lutionary dead ends. On exceptional occasions, the product of this process

is revealed by subsequent history as having been a stem organism from

which a completely new set of evolutionary pathways was initiated. From

horizontal, the process has become vertical.
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This consideration may seem to suggest that there is no basic differ-

ence between the two kinds of evolution in terms of mechanisms, but

only in terms of outcome. Compare, for example, the pathways that led

from the ancestral fish to the first sea horse, on one hand, and to the stem

amphibian, on the other. In both cases, we may assume the occurrence of

a string of successive mutations defining a set of increasingly specialized

traits and ending with two highly specialized forms. The mechanisms are

basically the same. Some difference, however, must account for the fact

that the evolutionary potentials of the two products are very different,

endowing them with entirely different futures.

This difference concerns primarily the nature of the genes that un-

dergo the critical mutations. The modifications that initiate the rare

branches destined to evolve vertically have as targets master genes –

homeotic genes, for example – that control the pattern of development

of an organism. One clearly identified such change is correlated with an

increase in the number of distinct, differentiated cell types, a typical pa-

rameter of vertical evolution in both the plant and the animal kingdom.

Starting with two, this number has grown steadily with evolution, reach-

ing several tens in the most advanced plants, and more than two hundred

in the higher animals.

A feature common to horizontal and vertical evolution is what may be

called funneling, a progressive narrowing of the range of directions open

to further evolution. Whether the end product was a sea horse or a primi-

tive amphibian, it is clear that evolution became increasingly restricted –

and committed – as it proceeded. These constraints are both externally

and internally imposed. In many cases, adaptation to a given kind of

environment tends to limit the ability of organisms to survive in other

environments. In addition, the structures of genomes and the peculiar-

ities of genetic mechanisms may contribute further to the funneling of

evolutionary processes. Thus, genes are known to vary greatly in their mu-

tability, to the point that certain hypermutable regions exist in genomes,

presumably selected by virtue of special advantages (Caporale, 2003). Fur-

thermore, as already mentioned, certain genes, such as homeotic genes

and other genes coding for transcription factors, exert a much more im-

portant control over development than others and are thus privileged
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targets for mutations influencing evolution. As knowledge of genome

organization increases, many other such factors, of too specialized na-

ture to be mentioned here, are coming to light.

In conclusion to this cursory survey, we must take a look at the evo-

lutionary development of the most remarkable of all multicellular organ-

isms, modern humans.
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Highlighted by a few discoveries that have inflamed the imagination of

the greater public, the history of our origins has become, thanks to mod-

ern means, an object of intensive investigations and discussions, related

in numerous recent works. Little of this will be covered in the present

chapter, which, like the preceding one, will be limited to data directly

relevant to the main topic of this book.

A Bird’s-Eye View of Human Evolution

Figure 19.1 brings together some illuminating clues to the ancient, still

poorly understood pathway whereby our species has evolved from the

last ancestor we have in common with chimpanzees, our closest extant

relatives. In this graph, some of the better-known hominids are repre-

sented, on one hand, by the approximate time range of their existence

and, on the other, by their estimated brain size, the most dramatically

changing parameter of this crucial development. Several features of this

graph deserve to be noted.

First, there are two landmark singularities. The first goes back to the

time, between five and seven million years ago, when the human line sep-

arated from that leading to chimpanzees. According to currently available

221
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Figure 19.1. Human evolution. Horizontal bars show the observed brain size (or-
dinate) and time of existence (abscissa) of a number of hominid and prehominid
species (data from Carroll, 2003). Broken curve represents the possible course of
brain expansion, as estimated from the data.

evidence, all known hominid branches seem to be offshoots of this sin-

gle line. The second singularity, which is solidly established by molecu-

lar data, indicates the origin, roughly 200 000 years ago, of all modern

humans worldwide from a single ancestral group, often reduced in the

popular press to a single couple some commentators do not hesitate to

identify with the biblical Adam and Eve.

This interpretation stems from a misapprehension. It is true that all

present-day humans have been traced to a single female ancestor and to

a single male ancestor. These identifications rest on the comparative se-

quencing of two special kinds of DNA: on the female side, mitochondrial

DNA, which is transmitted exclusively through the maternal line (only

oocytes contribute mitochondria to the fertilized egg); and, on the male

side, genes associated with the Y chromosome, which is transmitted from

father to son.
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These facts do not, however, mean that the two ancestors formed a

couple. They belonged to an interbreeding population estimated to have

contained up to several thousand individuals of each sex. As time went by

and generation followed upon generation, it necessarily happened, for all

sorts of reasons, that certain females failed to produce daughters, with as

a consequence that their mitochondrial DNA was not perpetuated. The Y

genes of males that produced no sons suffered the same fate. Eventually,

after a time that theory has shown to be equivalent to twice the generation

time multiplied by the number of same-sex members of the group,1 only

a single line will have escaped this phenomenon of progressive random

attrition. Thus, we have here a perfect example of a singularity arising

from a pseudo-bottleneck (mechanism 4), which, however, applies only

to certain genes, not to a species or phylum.

Also notable in Figure 19.1 are the great widths – of up to consid-

erably more than one million years – and extensive overlaps of the bars

representing the times during which the species are known from the fossil

record to have existed. These features indicate that the species shown are

not true intermediates in the prechimpanzee-to-human pathway, but off-

shoots of such intermediates; they belong to side branches that detached

from the main branch and eventually became extinct. Their traits, there-

fore, do not necessarily reflect those of the intermediates, although some

features, for example, brain size, were most likely inherited rather than

developed in the course of evolution. The most recent such side branch is

represented by the Neanderthals, which disappeared a mere 35 000 years

ago and coexisted for a while with authentic humans, often designated

Cro-Magnons, that were present at the time.2

1 To give an example, a population that lived 200 000 years ago, with a generation time of
20 years, could have contained up to 5000 individuals of the same sex and end up today
including descendants of only a single one. This number could, of course, have been
smaller. The critical value is the time when all lineages but one had become extinct.

2 This book was already written when the startling news came of the finding (Brown et al.,
2004; Mirazon Lahr and Foley, 2004; Morwood et al., 2004), on the Indonesian island
of Flores, of fossil bones, no more than 18 000 years old, displaying obviously hominid
characters, and surrounded with primitive stone artifacts and animal remains indicative
of hunting and butchering. The surprising aspect of the finding is that the individual
in question, presumably a female, was only about 1 m tall and had a cranial capacity of
only 380 cm3, which would make her smaller than the celebrated australopithecine Lucy,
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A rough guess at what the actual pathway may have been is repre-

sented in the graph by a broken line, which has been drawn on the as-

sumption that the earliest detected trace of a given species lies close to the

point where its branch detached from the main branch. Although grossly

oversimplified, the resulting curve is very revealing, showing first that the

brain size increased only moderately during the first three million years

of hominization, approximately up to the time of the famous Lucy and of

the intriguing beings whose footprints were discovered by Mary Leakey

in the petrified ashes of Laetoli, in Northern Tanzania. Many workers

believe that the most important traits acquired during that time were re-

lated to bipedal walking – evidenced by the Laetoli footprints – and to the

corresponding greater use of hands for prehension and other functions,

possibly favored by natural selection in response to a change in habitat

from forest to savannah.

Then, about three million years ago, there occurred a period of

rapid brain expansion that led, in some two million years, to an almost

threefold increase in brain volume. This astonishing phenomenon, which

is explainable only in small part by a larger body size, coincided with the

manufacture of increasingly perfected stone tools. It is difficult not to see

a causal correlation between the two phenomena, possibly related to a

mutually reinforcing interchange between brain and hands leading, on

one side, to greater dexterity and, on the other, to a better ability to design

shapes for a purpose and to transmit acquired skills. Some of the key intel-

lectual traits that characterize humans may have begun to develop during

that period. But it must be remembered that the individuals concerned

were not yet truly human, a point sometimes forgotten in references to

the Stone Age.

Finally, after a period of slowing down, a new, more modest upsurge

in brain size seems to have happened, associated with the blossoming

which is about three million years old. The authors of this astonishing discovery take as
the most probable hypothesis that this species, to which they have given the name of
Homo floresiensis, may originate from representatives of Homo erectus that settled on the
island as early as 800 000 years ago and that it evolved toward dwarfism (a phenomenon
known to occur on isolated islands), surviving for a very long time after the parent erectus
population had become extinct.
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of cultural evolution and, possibly, with the first appearance of an ar-

ticulated language.3 It may seem surprising, in this connection, that the

Neanderthals, who reached a distinctly lower cultural level than their con-

temporary Cro-Magnons and may even, according to one theory, have

lacked the capacity for speech, actually had bigger brains than modern

humans. They also had bigger bodies, however, which could account for

that. In addition, brain size, even corrected for body size, is only a rough

index of mental ability. What counts is the wiring of the brain and, espe-

cially, the degree of development of the cerebral cortex.

The case of the Neanderthals raises the problem of the possible contri-

bution of the more primitive species to the making of Homo sapiens. It is

known that, some time between two and one million years ago, popula-

tions of Homo erectus started moving out of Africa, where they originated,

and migrating into vast regions of Europe and Asia, where their fossil

remains have been uncovered.4 According to one theory, known as the

multiregional model, these populations evolved locally and independently

into modern humans. A watered-down version of the theory allows for the

possibility that the populations were helped in this evolution by breed-

ing with more recent invaders. In opposition to the multiregional model,

the single-origin, or out-of-Africa, theory holds that modern humans arose

from a single root, roughly 200 000 years ago, in Africa, whence they radi-

ated into all parts of the world, while all the other populations, whether

in Africa or elsewhere, became extinct.

This controversy, which was quite acrimonious at one time, has now

been settled to majority satisfaction (Lewin, 1996). We have seen above

that molecular data unambiguously support the single-origin theory. Even

Neanderthals, which coexisted with Cro-Magnons for a while, raising the

possibility of interbreeding between the two, have apparently not con-

tributed significantly to recent human ancestry, as indicated by the se-

quences of mitochondrial DNA extracted from fossil Neanderthal bones

and, more recently, from remnants of their contemporary Cro-Magnons

3 The inflection shown could very well be an artifact due to the device followed to draw
the curve. Make the appearance of Homo heidelbergensis earlier than shown, and the
curve would flatten out progressively without showing a secondary break.

4 See footnote 2 above.
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(Caramelli et al., 2003). These conclusions have been lately confirmed by

the discovery, in Ethiopia, of 154 000–160 000-year-old Homo sapiens fos-

sils clearly ancestral to modern humans and distinctly different from Ne-

anderthal precursors of the same age (White et al., 2003). It thus appears

that, as shown in the graph, the two groups separated several hundred

thousand years ago and probably never interbred.

Mechanisms

The most striking feature of Figure 19.1 is the truly staggering rate – in

terms of evolutionary kinetics – at which the brain has expanded during

the rapid phase of hominization, tripling in a mere two million years the

size it took some 300 times as long to reach in the course of animal

evolution: an almost thousandfold acceleration. Note, however, that this

still amounts to a very small increase in absolute terms: little more than

10 mm3 – a mere pin’s head – per generation at peak rate. Note also the

painstakingly slow rate of the process in the framework of human history.

Hundreds of millennia, that is, many times the entire historical record,

were needed just to fashion a roughly hewn stone into a thin blade, a

hook, or an arrowhead. It is clear that the primitive tools did not, like

ours, evolve by way of cultural evolution; they bear witness to a slow

biological evolution linked with brain expansion.

Also striking is the sigmoid shape of the main part of the curve, which

is typical of an autocatalytic process constrained by some upper limit.

The early autocatalytic character points to a mechanism in which each

increment in brain size increased the probability of a further increment.

Two possibilities come to mind to explain such a process. The bottleneck

could be selective (mechanism 2) and caused by the growing demands,

to be met only with a better brain, of a challenging environment from

which there was no turning back; or it could be restrictive (mechanism 3)

and created by increasingly stringent inner constraints. Both factors

could, of course, have been involved at the same time to various degrees.

Whatever external and internal factors were responsible for the bot-

tleneck, an additional fact of central importance needs to be addressed,

namely the actual occurrence, at each step, of the genetic changes needed
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for further advance. Incredible luck (mechanism 6) is often invoked to

account for this fact, with as implicit or explicit corollary the great im-

probability of humankind’s ever arising. Figure 19.1 belies such an inter-

pretation, showing that not just one but a large number of successive steps

were involved in brain expansion. As pointed out in the Introduction, a

single fantastic stroke of luck is perfectly plausible, but not a succession

of the same such phenomena. We are forced to admit that the range of

possible mutations the system was allowed to explore at each step was ex-

tensive enough to include the required genetic change with a high level

of probability. This is a surprising conclusion, considering the small num-

bers of individuals and of generations involved; it strengthens the case

in favor of inner constraints, suggesting that the factor responsible for

the exponential feature of the curve lay in the structure of the genome

itself, with each brain-expanding mutation increasing the probability of

occurrence of a further mutation of a similar kind.

As already mentioned, the later progressive flattening of the curve

indicates that the runaway process of brain expansion was progressively

braked by some limiting factor. It is tempting to assume that this limit was

imposed by the growing incompatibility of the expanding skull with the

dimensions of the female pelvis. Much has been written on the difficulties

of human childbirth and on the premature state of human newborns as

compared to many animals. A widely accepted theory (neoteny) attributes

those traits to natural selection, which is taken to have favored them

as an acceptable trade-off for a bigger and, presumably, better brain. If this

explanation is correct, then the second upsurge in brain size, if authentic,5

that led to Neanderthals and to modern humans (see Figure 19.1) could

signal some key event in the acquisition of neoteny.

There is one major difficulty with the proposed interpretation: Why

only once? If hominization was so stringently channeled, why does none

of the side branches manifest any tendency to evolve similarly? We have

seen that this possibility, defended by the holders of the multiregional

theory, appears to be ruled out by currently available evidence. This is all

the more surprising in that some of the branches have extended over huge

5 See footnote 3 above.
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spans of time (up to 1.7 million years in the case of H. erectus), apparently

without ever undergoing the change that would have propelled them in

the direction of a bigger brain.

No simple answer to this question comes to mind, except that it may

be said to apply to almost any instance of horizontal evolution. Perhaps

side branches never encountered the challenges that would have made

a better-performing brain an almost indispensable asset. After all, chim-

panzees and gorillas still make do with their limited mental endowment

in their natural habitat, although they may not do so much longer in

the face of human menaces. Another possibility is that side branches

evolved in a way that rapidly closed the genetic door to further brain ex-

pansion. The problem, it should be noted, is not basically different from

those we have met in the preceding chapter in discussing other singu-

larities. Why, for example, did not other lungfish evolve independently

to give rise to amphibians? The mere fact that we are dealing with hu-

mans does not necessarily alter the basic elements of an evolutionary

problem.

Where Are We Going?

The above discussion raises the interesting question of the future of the

human species (de Duve, 2002). Clearly, there is no conceivable chance

that history could repeat itself. With more than six billion individuals

filling every nook and cranny of our planet, there is no possible prospect

of some super-sapiens group somewhere prolonging vertically the curve of

Figure 19.1, leaving sapiens to extend horizontally and drift into extinc-

tion like the other side branches.

Neither is it imaginable that the whole of humankind could ever

evolve better brains under the sole aegis of natural selection acting on

chance mutations. Even if our brain should be perfectible – which it most

likely is – our present societies could not provide an opportunity that

would allow natural selection to favor the relevant genetic changes. Sup-

pose, for example, that a promising combination had been present in the

genome of Moses, Michelangelo, Beethoven, Darwin, Einstein, or anyone

else, for that matter; there could have been no way for this combination
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to be propagated on the strength of some selective advantage. On the

contrary, our societies favor the opposite trend, if anything.

Remaining to be considered, however, is the likelihood that human

intervention will, if not replace natural selection, at least contribute in-

creasingly to orient it. Humans have been modifying their environment

ever since they inaugurated sedentariness, agriculture, animal breeding,

and, more recently, medicine and industry. Human impacts on the en-

vironment may even have started earlier if, as many anthropologists be-

lieve, hunting was responsible for the disappearance of such prehistoric

mammals as mammoths, aurochs, and saber-toothed tigers. Modern bi-

ology has enormously increased this power, opening the possibility that

humans will more and more take their fate in their own hands and use

the knowledge they have acquired and the technologies derived from this

knowledge to direct biological evolution, including their own.

Despite the safeguards and prohibitions that are being erected in many

parts of the world to stem the development of the new biotechnologies

and, especially, their human applications, one does not see how the move-

ment that has been launched could ever be completely brought to a stand-

still. There will always be a place, somewhere, where later generations will

be pursuing the shaping of our genetic future, using tools of ever greater

efficacy, reliability, and safety. But will they make the right choices? That is

far from certain. The decisions involved will require much collective wis-

dom, a trait natural selection does not seem to have favored to the same

extent as it has intelligence, creating a disparity that may well prove fatal

to the human species.

Indeed, the eventuality that our line will finish like all the others

on Figure 19.1, but with no hopeful offshoot emerging on top, deserves

seriously to be entertained. In biological evolution, extinction is the rule,

rather than the exception. The brain that has made our success could

also be our undoing, simply not being good enough to manage its own

creations. Should this happen, perhaps enough may be left of the ruins for

evolution to resume its upward course under more favorable conditions.

Even if Homo sapiens should be irretrievably lost, together with all their

technologies and civilizations, there would still remain plenty of time

for the adventure to start all over again, possibly with a happier ending.
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According to cosmologists, Earth should stay fit to harbor life for at least

1.5 billion years, possibly up to 5 billion years, when the expansion of the

sun will render the planet definitively uninhabitable. There is thus ample

time for another journey toward a better brain to be inaugurated five, fifty,

or five hundred million years from now, long after the demise of Homo

sapiens. Such a journey could start from some primate or, even, from a

lower animal branch, eventually rising above the present human level

thanks to a more harmonious combination of genes favoring intelligence

and wisdom. Such a prospect is, of course, of little solace to present-day

humans. But it could serve as a warning. One can only hope that our

descendants will, preferably under the guidance of reason but, if not,

under the pressure of natural selection, learn to make better use of their

brains than their forebears have done.
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Except for the creationist fringe – regrettably more than a fringe in cer-

tain parts of the world – that gives more credence to words written some

three thousand years ago than to fossilized vestiges of ancient life, isotope-

decay measurements, or molecular sequences, the fact of biological evo-

lution is accepted by all those acquainted with the evidence and by the

many educated people who, without being specialists themselves, value

the scientific approach and are ready to trust its conclusions, especially

when these are unanimously endorsed by those who are competent to

appreciate the underlying evidence.

The mechanisms of evolution, on the other hand, still form the object

of debates among experts, but these debates deal more with details and,

even, semantics than with the general process of evolution. The main

principles, first enunciated by Darwin, of continuity by heredity, varia-

tion by genetic modifications, competition among variants for available

resources, and screening by natural selection according to the organisms’

ability to survive and reproduce under prevailing environmental condi-

tions, are broadly subscribed to. Furthermore, the essentially accidental

nature of the genetic modifications responsible for the variety and their

lack of intentionality or foresight are seen as conclusively established by

modern molecular biology. Only a small minority of scientists dispute

the validity of the neo-Darwinian theory, accepting it only for horizontal
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evolution, but not for vertical evolution, which they claim, against the

opinion of most biologists, has, in certain key events, been guided by some

finalistic principle of unknown nature, the agent of intelligent design.1

What remains the main bone of contention is the probability of evolu-

tionary events, still the object of heated controversies, which engage not

only the experts themselves but a vast number of representatives of other

scientific disciplines, theoreticians of all kinds, teachers, social scientists,

politicians, jurists, ethicists, philosophers, and even theologians, all in-

terested in the implications of our understanding of biological evolution

for their respective fields or occupations.

Chance or Necessity?

It is fair to say that the dominant doctrine in relation to this question

is what I have called the gospel of contingency, which owes its credit both

to the apparently impeccable logic of its foundations and to the force-

fulness and fame of some of its proponents, emblematic figures such as

Jacques Monod and François Jacob in France, and Stephen Jay Gould in

the United States. The argument is straightforward: the course of evolu-

tion is demonstrably determined by chance mutations that happen, again

by chance, to occur in an environment propitious to the survival and

reproduction of the mutant organisms. Chance multiplied by chance –

chance squared, so to speak – at the origin of each of the millions of

forkings that have traced the tree of life: The inference seems inescapable

that the course of evolution has followed unpredictable, nonreproducible

pathways ruled by contingency. “Rerun the tape,” as unforgettably im-

aged by Gould, and the outcome is bound to be entirely different.

With all the diffidence required from an onlooker, interested but not

a member of the inner circle, I wish to draw attention to a possible flaw

in this argument: evolutionary events do not have to be improbable just

1 A detailed discussion of the intelligent-design hypothesis would not fit within the frame-
work of this book. Readers wishing to know more on the topic will profitably read the
critical work devoted to it by Kenneth Miller (1999), a biochemist who owns, in addi-
tion, the interesting peculiarity of declaring himself a practicing Catholic. See also my
discussion of sequence spaces, Chapter 8.
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because they depend on chance. To my knowledge, this point, although

self-evident, has not received the attention it deserves. Most often, the

tendency among biologists has been to equate fortuitousness with un-

likelihood, if not explicitly, at least implicitly. As I have argued, here and

elsewhere (de Duve, 1995, 2002), this reasoning mistakenly confuses the

notion of randomness with that of unbounded possibility. That is clearly

wrong. Chance always plays within certain limits, be they the number of

faces on a coin or die, the number of slots in a roulette wheel, the num-

ber of tickets sold by a lottery, or, for that matter, the number of possible

mutations.

As already stated in the Introduction, chance does not exclude in-

evitability or, more precisely put, near-inevitability, as the door must al-

ways be left open for the odd exception. What counts is the number of

opportunities provided for a given event to happen, relative to the event’s

probability. As illustrated by the calculations of Table I.1 in the Introduc-

tion, occurrence of a chance event may be ensured with a 99.9% prob-

ability if it is provided with a number of opportunities to occur roughly

equal to seven times the reciprocal of its probability. Even a seven-digit

lottery number, with one chance in ten million of coming out, may be

almost bound to win if 69 million drawings are performed.

The lottery example also illustrates the limitations of the argument.

That chance does not exclude inevitability may be true in theory. In prac-

tice, however, it is true only to the extent that the required number of

opportunities is realistically possible. Thus, the contingency theory could

still be correct because of simple physical restrictions. Should the number

of possible mutations in a given situation exceed by far the number of

mutations that can happen in reality, considering the numbers of indi-

viduals involved and the times available, fortuitousness clearly will be in

the driver’s seat. An intuitive perception that such may often be the case

probably lies behind the contingency doctrine.

Calculations have shown that this restriction does not apply to point

mutations (replacements of one base by another), due to replication er-

rors. As indicated in Table I.1, it takes some 20 billion cell divisions for a

given such mutation to occur with a 99.9% probability. This number may

seem enormous but, in fact, amounts to the number of stem-cell divisions
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that occur in our bone marrow in about two hours in the course of red-

blood-cell renewal. Admittedly, point mutations probably play a minor

role in evolution. It could be that truly important mutations may have

lower probabilities of taking place. Even so, given the large number of in-

dividuals involved in evolution and the long durations available, enough

opportunities may often be provided to compensate for such low prob-

abilities. In many evolutionary situations, extensive, if not exhaustive,

exploration of the mutational space may well have taken place, with se-

lective optimization (given the conditions) as a consequence, just as may

have happened with the RNA and protein sequence spaces (see Chapters 7

and 8).

This contention might look purely subjective and gratuitous, or even

inspired by some preconceived idea,2 were it not supported by a num-

ber of observations. One is drug resistance, a major hazard now that an-

tibiotics, chemotherapeutic agents, and pesticides of various kinds have

been introduced. In less than half a century, a large number of pathogenic

microbes, either prokaryotic or eukaryotic, as well as many undesirable

plants, fungi, and animals, have become resistant to the chemicals devel-

oped to eradicate them. Cancer cells can become so in a matter of months.

It is clear that the genetic traits responsible for resistance did not develop

in response to the drugs – except by chance, if the drugs happened to

be mutagenic – and still less for the purpose of evading the drugs. The

traits were part of the range offered by the mutational field, and they

emerged by natural selection, following introduction of the drugs into

the environment.

Mimicry is another example. Everyone is acquainted with animals

that look so much like their surroundings that they become almost in-

visible and thereby elude attack by predators. Obviously, those traits did

not develop for the purpose of protective covering. Neither were they

copied. Mechanisms for such a phenomenon do not exist. Like drug re-

sistance, mimicry traits were part of the mutational field and emerged by

natural selection. The same may be said of biodiversity in general. Often

presented as evidence of contingency, the huge diversity of living forms

2 Critics have not failed to accuse me of ideological bias, but without addressing the
scientific reasoning supporting my position (Szathmary, 2002; Lazcano, 2003).
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can also be seen as illustrating the richness of the mutational field. So does

the frequent observation that random mutagenesis often suffices to bring

about a specifically defined goal. An example, which I have mentioned

before (de Duve, 2002, p. 108), is the 20-fold improvement in penicillin

yield that was achieved, shortly after the Second World War, by the simple

device of “carpet-bombing” cultures of Penicillium notatum with X-rays.

The conclusion I have drawn from these various facts is that muta-

tions were rarely a limiting factor of evolution. There may be exceptions,

of course. But, on the whole, it seems likely that, more often than not, evo-

lutionary “choices” were made by the environment, which caused natural

selection to single out certain specific genetic traits among a wide array

of possibilities (selective bottleneck, mechanism 2). The most extreme in-

stance of such situations is selective optimization, which obtains when

evolving systems have the opportunity to subject to the screening effect

of natural selection virtually the entire set of possible genetic changes, so

that optimal adaptation to environmental conditions is achieved. Telling

examples of such a process have already been encountered in our account

of the early events in the origin of life. The exquisite adaptation of many

living organisms to their surroundings could well have arisen by a similar

process.

Another important factor to be taken into account is the phenomenon

of evolutionary funneling caused by the many external and internal con-

straints that narrow down the mutational field as evolution in a certain di-

rection proceeds. Many evolutionists have commented on what appears a

progressive acceleration of evolutionary processes once some sort of com-

mitment has been made. The expansion of the human brain, discussed

in the preceding chapter, is a typical example of such a phenomenon.

It follows from all of the above considerations that evolutionary path-

ways may often have been close to obligatory, given certain environmen-

tal conditions, rather than contingent and unrepeatable, as received wis-

dom contends. The growing number of instances of convergent evolution

that are being uncovered illustrate this point in a particularly impres-

sive way. Anteaters, felines dependent on hunting, and herbivores built

for speed, just to give a few examples, have independently developed

essentially the same kind of specializations in widely different parts of

the world (Conway Morris, 1998, 2003). So have underground mammals
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(Nevo, 1999). Apparently, there are not so many solutions to the problem

of, for instance, subsisting on ants or living underground. More remark-

ably, under sufficient selective pressure, the same solution may be found

time and again. The main defender of this thesis, Simon Conway Morris,

has rested it on a solidly documented and, by all appearances, objective

and unbiased analysis (Conway Morris, 2003), which, however, would

have been more convincing if the author had not at the same time taken

on the origin of life the almost opposite stand that it may have been

a highly improbable event, possibly unique in the entire universe, not

failing to link the two theories into a human-centered, theological con-

ception (see footnote 3 in Chapter 12).

The Environment in Charge?

If the views outlined above are correct, the main role in evolution often

belongs to the environment, which actually makes the decision, by way

of natural selection, among the wide array of choices offered by the mu-

tational field. The examples mentioned above make this clear. Without

drugs, pathogens would not develop drug resistance. There would be no

stick insects without branches, no leaflike mantises without green leaves,

no gray soles without a sandy sea bottom, and so on. In fact, much of

biodiversity may be seen as resulting from responses of organisms to spe-

cific environmental conditions. The same may be true of many key steps

in vertical evolution. Think, for example, of the special conditions that

may have been needed to provide a selective advantage to lungfish and

their successors on the way to amphibians.

Such considerations bring to the fore the second intervention of con-

tingency in evolution. In the eyes of many observers, the role of envi-

ronmental vagaries, even more than the fortuitous nature of mutations,

means that the history of life followed totally unpredictable lines, bound

not to be repeated if “the tape should be allowed to play again.” This

point is trivial, in a way, and merely reasserts the contingency of his-

tory in general. The French philosopher Blaise Pascal already said it when

he wrote that “if Cleopatra’s nose had been shorter, the entire face of

the Earth would have changed.” Or, to put it in a more topical context,
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“had another of Leopold Mozart’s sperm cells won the race to the egg cell

produced by Anna Maria Pertl some time around May 1, 1755, some of

the most beautiful music in the world would never have been written”

(de Duve, 1995, p. 264).

Similarly, it has often been stated that, if a large asteroid had not fallen

on the Yucatan Peninsula some 65 million years ago, dinosaurs might

still be around and mammals might still lead a precarious existence in

the shadow of the great reptiles; or that, if the great Rift Valley had not,

about seven million years ago, split East Africa from north to south by

a chasm separating the savannah from the forest, our primate ancestors

might still be up in the trees, perfectly content with a 350 cm3 brain.

In the case of individuals, the historical contingency argument is ir-

refutable. Cleopatra and Mozart are indubitably unique and irreplace-

able. As far as major evolutionary events are concerned, however, one

may wonder whether they actually owed the fact of their occurrence, or

merely its timing, to chance environmental factors. It could be, for exam-

ple, that mammals were bound to displace dinosaurs at some stage for a

variety of reasons and that the fall of the asteroid only precipitated an

issue that would have happened sooner or later. In the same vein, had

not our ancestors been isolated in the savannah – assuming this factor

played a key role in hominization – some other environmental circum-

stance might well, sooner or later, have provided an opportunity for the

primate brain to express its built-in tendency to expand.

In conclusion, events that, according to the prevalent doctrine, owed

their occurrence to the conjunction of two improbable chance events –

the right mutation in the right place – may have to be reinterpreted in the

context of the view, offered here, of organisms continually subject to a

wide variety of genetic changes and waiting, so to speak, for the envi-

ronment to provide conditions under which some trait will turn out to

be useful. It is not unreasonable to assume, considering the manner in

which Earth environments continually change, that many evolutionary

steps that were favored by some special environmental conditions were

bound to take place in any case, some time, somewhere.
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The view of the history of life on Earth that emerges from the analysis

offered in this book places greater emphasis on inevitability – and singu-

larity – than that advocated by many contemporary thinkers who have

reflected on the question. Starting with the universal products of cosmic

chemistry, the proposed view ascribes the early development of life to

strictly chemical phenomena that, by virtue of their nature, were bound

to occur under the physical–chemical conditions that prevailed at the

sites where they took place, leaving no room for chance.

With deterministic chemistry continuing its role up to the present,

information made its entrance with replicable RNA and, later, DNA, thus

introducing the joint elements of continuity and variability that form

the pillars of natural selection. It is from this juncture that the proposed

scenario differs most significantly from more common accounts, by the

importance it accords selective optimization. This notion, which may be

described as a strong version of Darwinism, adds to the classical concept

of natural selection the opportunity of providing this process with a close-

to-complete range of options to screen.

In its essence, the notion of selective optimization rests on the quan-

titative estimate of probabilities and opportunities. What counts is the

dimension of available spaces, be they of molecular sequences or of muta-

tions, in relation to what may be called the coverage ability of the evolving
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systems. To the defenders of intelligent design, the size of those spaces

exceeds coverage abilities to such an extent that the spots occupied in

them by life could be reached only with the guidance of some extraneous

agency of unknown nature.

According to the conventional contingency doctrine, the disparity is

less prohibitive but still much too large, by far, for exhaustive exploration

to be possible. Chance shots have nevertheless succeeded in many in-

stances because a large number of spots compatible with survival existed

in the spaces. From lucky hit to lucky hit, the process followed an erratic,

unpredictable course, one in myriad possible pathways.

Selective optimization goes farther, postulating limited spaces and

matching coverage abilities, so that unguided attainment of the best or

near-best spot in the space was possible.

Let there be no mistake, I am not claiming that evolution has been

entirely ruled by this mechanism, which would make its course strictly

deterministic and reproducible. My models leave plenty of leeway for

historical contingency, in cases of pseudo-bottlenecks, for example, and

in many other cases where either selective optimization was not possi-

ble or several equivalent options were available. Such crucial phenom-

ena as the origin of the genetic code, mimicry, or convergent evolu-

tion, do, however, indicate that the notion of selective optimization

may be of wide-ranging significance. As such, it deserves at least as

much attention as the more conventional explanations of evolutionary

phenomena.

Implicit in the proposed view is the notion that the history of life

on Earth was determined, at least in its main lines, by the environmen-

tal conditions that surrounded its birth and evolution. A corollary of this

notion is that life would similarly arise and evolve wherever the same con-

ditions as prevailed on our planet are reproduced. From which it follows

that the probability of finding life and, perhaps, conscious minds else-

where is equivalent to the probability of the necessary conditions’ being

realized. To the extent that this premise is accepted, the vast resources of

astronomy, cosmology, and space science can be harnessed in the search

for possible habitats. Unfortunately, the resources may prove insufficient

and the answer unattainable.
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Even with the most sophisticated techniques and instruments imag-

inable, unless the laws of physics can be circumvented, we shall never be

able to search more than an infinitesimal fraction of the universe for signs

of life and mind, or even of mere habitability. For such signs to be dis-

covered, either the phenomena we look for must be extremely frequent

or some fantastic stroke of luck has placed a second example within our

reach.1 Should the search prove negative, as it seems very likely to be, this

failure would in no way provide proof of the singularity of life and mind,

or even of their rarity. We shall always, when contemplating the skies,

remain free to dream of “other worlds.”

1 I do not have in mind here Mars or other parts of the solar system, which could harbor
forms of life related to Earth life. Needless to say, any trace of extraterrestrial life would
be of tremendous interest, but for the finding to be relevant to the question raised, there
should be proof of independent origin. Opposite chirality would be a particularly telling
clue.
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176, selection of, 96; proteinogenic, 13,
96, 103, 109; R groups of, 89, 102, 122;
RNA and, 96, 103; selection of, 95, 96;
sequence and function, 23, 89

Amino acyl-tRNA synthetases, 92, 103,
111

AMP. See Adenosine monophosphate
(AMP)

Amphibians, evolution of, 218
Amphiphilic property defined, 118,

119
Anaerobic: defined, 44; fermentation, 58;

hydrogen generation, 207; respiration,
development of, 148

Anaerobic bacteria: ATP production in,
206; electron transport chains in,
135–137, 143; and mitochondrial
development, 204

Anaerobic environments: Archaea in, 175;
development of, 208; evolution of,
199–202

Ancestors of humans, 222–223
Animals: cell structure of, 171; drug

resistance in, 234; electron transfer in,
44; evolution of, 186, 214, 218–219,
227; genetic code in, 100, 161; in
hydrothermal vents, 156; light
production in, 28; phylogenetic tree,
175; visual machinery in, 146

Anticodons, 71, 92–95, 97, 101–104

251
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Archaea: in anaerobic environments, 175;
cell walls in, 176; classification of,
175–176; DNA replication in, 66;
enzymes in, 182; evolution of, 176;
origin of, 174, 177–178

Atmosphere, 8, 51, 143, 199, 200, 201. See
also Oxygen: of Earth, 143, 155, 199

ATP (Adenosine triphosphate): assembly
of, 56–58, 61, 141, 206; and electron
transport, 137–138; energetics of, 147;
function of, 25, 26–28, 35–36; obtaining,
36; phosphorylation, 29, 31; and protein
synthesis, 90; pyrophosphorylation of,
33, 35; structure of, 25–26

Autotrophy: and biosynthetic reductions,
49, 61; described, 45–47

Bacteria. See also Prokaryotic cells; aerobic,
electron transport chains in, 135–137,
143; anaerobic, electron transport chains
in, 135–137, 143, and mitochondrial
development, 204; cell walls in, 176;
classification of, 175; electron transport
in, 135, 137, 146; origin of, 174

Bacteriorhodopsin, 146
Base pairing. See also DNA: defined, 70–72;

and DNA replication, 112
Bases: purine, 25, 26, 115; pyrimidine, 26
Bifurcations, 170, 181, 217
Biosynthesis and group transfer, 29–36
Biosynthetic reductions: and autotrophy,

49, 61; electrons, source of, 141;
heterotrophic organisms and, 46

Biotechnologies and human evolution,
229

Bonds: ester, 78, 120, 121, 126, 176 (See
also Phospholipids, ester); ether, 120,
176 (See also Phospholipids, ether);
pyrophosphate, 25–27, 30–35, 37,
39–40, 54, 63–64, 68–70, 77 (See also ATP
(Adenosine triphosphate); NTP
(Nucleoside triphosphates)); thioesters,
56–57 (See also Thioesters)

Bottleneck: pseudo (See Pseudo-bottleneck
model); restrictive (See Restrictive
bottleneck model); selective (See
Selective bottleneck model)

Brain volume increase in human
evolution, 224–225

Carriers: electron, 49–50, 58, 128, 129,
136; group, 34, 61

Catalysts. See also Enzymes; Multimers;
Ribozymes: and DNA replication, 114;
and electron transfer, 49–50; origin of,
21–24, 153; ribozymes as, 84–86; and
RNA assembly, 77–78; selection of,
23–24

Cell division, 2, 114, 165, 233. See also
Mitosis

Cell walls, 12, 176
Cells: eukaryotic (See Eukaryotic cells);

prokaryotic (See Prokaryotic cells)
Chance. See also Fantastic luck model: in

evolution, 232–234; and inevitability, 2,
3, 4

Chemistry: abiotic, 6–7, 149; bonds,
formation of, 56, 74; cosmic, 7–9, 149;
in evolution, 238; prebiotic (See
Chemistry, abiotic); work, origins of, 28,
152–154

Chemotrophy. See also Autotrophy:
described, 46, 47; protonmotive forces
in, 135, 138–140, 141

Chimerism, 180. See also Protoeukaryotes
Chirality: described, 10, 12–13; in

membrane phospholipids, 182; and RNA
selection, 13, 79, 96

Chloroplasts, 210–211
Cholesterol in prokaryotic cells, 122
Chromosomes, 187, 193
Chronocytes, evolution of, 196
Cilia, evolution of, 212
Codon: and amino acid-RNA interactions,

103; defined, 92
Coenzyme A, function of, 126
Coenzyme Q. See Ubiquinone
Coenzymes, 49, 76, 153, 160, 163
Congruence: described, 17–21; and

protometabolism, 20–21, 76–77,
152–153

Contingency, gospel of, 232–234, 239
Convergent evolution. See Evolution,

convergent
Coupling mechanisms. See also Electrons

in energy transfer: and electron
transfers, 50; engines, properties of,
133–134, 138; protonmotive force in,
133–134, 138; in thioesters, 56–57

Cro-Magnons, 223, 225, 240
CTP, 25, 34–35, 68, 75–76, 112, 153
Cyanobacteria: biosynthetic reductions in,

143; and chloroplast evolution, 210; and
photosynthesis, 202
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Cytochromes in electron transport, 137
Cytomembranes. See Membranes, cellular
Cytosine. See Bases, pyrimidine
Cytoskeleton, 187, 195, 207

D-Amino acids: in cell walls, 12; in
meteorites, 13; in murein, 176; selection
of, 96

Darwin. See Natural selection model
Dehydrating condensations and molecule

assembly, 28
Deoxyribonucleic acid. See DNA
Deoxyribose, 11–12, 26, 35, 46, 72, 112
Deterministic necessity model, 1, 17
Dictyostelium spp., state alteration in, 216
DNA: advantages of, 115; described, 112;

origins of, 113–114, 116–117; replication
of, 112–113, 114; selection of, 114–116;
sequencing, 174; synthesis, 35; viruses,
168

Dynein, 187

Earth: atmosphere of, 143, 155, 199;
evolution of, 6–9, 15, 23, 51, 175, 238;
life, fitness for, 230; mass of, 108;
multicellular organisms on, 214,
236–237; origin of life on, 130, 158–159,
170–171; oxygen on, 201; phosphate on,
36; RNA on, 75; sulfur on, 63

Electron carriers, 49–50, 58, 128, 129,
136

Electrons in energy transfer: animals, 44;
in bacteria, 135, 137; bioenergetic
functions of, 43–49, 141; catalysts and,
49–50; coupling mechanisms and, 50
(See also Coupling mechanisms);
cytochromes in, 137; derivation of, 49;
described, 41, 136, 143; energetics of,
41–43, 137–138; in eukaryotic cells, 135;
flavoproteins in, 135; in halobacteria,
146; history of, 50–53, 77; iron and, 137;
Krebs cycle, 138, 139; phototrophy,
141–143, 144; thioesters and, 54–62

Enantiomers. See Chirality
Endocytosis, 122, 187, 190–192, 193
Endoplasmic reticulum (ER), 187, 188
Endosymbionts. See also Chloroplasts;

Mitochondria; Symbiosis: cellular uptake
of, 210; described, 203–204, 208–209;
mitochondria in, 204–205

Endosymbiosis defined, 179
Energetics, 34, 41–43, 46–48

Energy: and RNA selection, 76; sources of,
44, 200; transfer, 41, 42 (See also
Electrons in energy transfer)

Environment: and human evolution, 229,
236–237; and natural selection, 165,
166–167, 239

Enzymes. See also Catalysts: in cellular
membranes, 123, 182; and DNA
replication, 112, 113; function of, 126,
135–137; homochirality in, 12; and
metabolism, 16–17; selection of, 19, 35,
153–154, 182, 185

ER. See Endoplasmic reticulum (ER)
Escherichia coli and DNA selection,

114–116
Ethanol, 45, 46, 58, 123
Eucarya, origin of, 174
Eukaryotic cells: cytomembranes vs. cell

membranes, 193; described, 171;
development of, 196; electron
transport in, 135; membranes in,
120; mitochondria in, 204–210;
nucleus, origin of, 212–213; origins of,
174, 186–187, 189–190, 214–217;
properties of, 187–188, 206; selection of,
201

Europa, 15
Event probabilities equation, 2
Evolution. See also Human evolution: of

animals, 186, 214, 218–219, 227; chance
in, 232–234; chemistry in, 238;
convergent, 162, 182, 235, 239; of Earth,
6–9, 15, 23, 51, 175, 238; of endocytosis,
190–192, 193; funneling in, 219–220,
235; horizontal, 217–218; Krebs cycle in,
52–53, 64, 150; mechanisms of, 185,
219–220, 231–232; mimicry and,
234–235; of mitochondria, 194–195,
204–210; of mitosomes, 194; mutations
in, 219, 220, 232–234, 235; oxygen and,
199–202; pathways of, 217–218,
235–236; probability of, 232;
prokaryotes, 175–177, 178, 206–207; of
protometabolism, 17; representation of,
231; symbiosis in, 206, 208; vertical,
218–220

Extraterrestrial life, 7, 158–159

Fantastic luck model, 4, 73, 215, 227
Fateful encounter hypothesis, 197–198,

207, 209
Fatty acids. See Lipids
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Fermentation, energetics of, 46
Ferredoxin, 141–142
Fidelity of replication. See Replication
Flagella: bacterial, 215; eukaryotic, 197,

212; evolution of, 212
Flavoproteins in electron transport, 135
Fossils, 84, 174, 186, 201, 210, 226
Frozen accident model, 4, 13, 104–106
Fungi: described, 44, 171, 194, 205; drug

resistance in, 234; evolution of, 186,
214, 218; genetic code in, 100, 161;
peptide/polypeptide synthesis by, 22;
phylogenetic tree in, 175, 181

Funneling in evolution, 219–220, 235

Galaxy, 8, 108, 159
Genes: duplication, 165, 180 (See also

Genes, paralogous); expression of, 92; in
the LUCA, 165; paralogous, 165, 180;
transfer, in chimerism, 180, in
endosymbionts, 203, in evolution, 181,
in the LUCA, 162

Genetic code: in animals, 100, 161;
described, 92, 101; evolution of, 226;
mutations in, 102, 104–105, 171–172;
origin of, 102–104, 154; redundancy in,
105, 117; selection of, 104–106;
structure of, 100–102; translation and,
100–106; universality of, 100

Genome fusion theory, 179
Glucose and ATP assembly, 61
Glyceraldehyde, 10–11, 39. See also

Chirality
Glycerophosphate. See Chirality
Glycolysis, 61–62, 64, 124
Glycolytic chain. See Glycolysis
Gospel of contingency, 232–234, 239
Group carriers, 34, 61
Group transfer: adenosine monophosphate

(AMP) in, 62–64, 126; and biosynthesis,
29–36; nucleoside triphosphate (NTP),
32; phosphorylation and, 30; sequential,
30–33; and thioesters, 62–63

GTP, 25, 35, 59, 61, 68, 75–76, 93, 112, 153
Guanine. See Bases, purine

Halobacteria, electron transport in, 146
Heat tolerance and natural selection, 167,

177
Hemoglobin. See Hemoproteins
Hemoproteins, 50, 65, 137. See also

Cytochromes in electron transport

Heterotrophic theory of the origin of life,
51, 52–53

Heterotrophy: biosynthetic reductions in,
46; described, 43–45; protonmotive
electron flow in, 139

Hominids, 221
Homo sapiens. See Human evolution
Homochirality. See Chirality
Human evolution. See also Evolution: brain

volume increase in, 224–225;
environment and, 229, 236–237; future
of, 228–230; mechanisms of, 181,
203–204, 215, 223–225, 226–228, 229;
overview, 221–226

Hydrogen, anaerobic generation of, 207
Hydrogen ions. See Protons
Hydrogen peroxide, generation of, 44
Hydrogen sulfide. See Thioesters
Hydrogenosomes: aerobic function of,

205; evolution of, 195, 204–210 (See also
Mitochondria)

Hydrophilicity, 119
Hydrophobicity, 119
Hydrothermal vents: animals in, 156; and

the origin of life, 156

Identity defined, 94. See also tRNA
synthetases

Incredible luck model. See Fantastic luck
model

Intelligent design model, 4, 17, 154, 232,
239

Interstellar space, 7
Iron: in electron transport, 137; ferric, 44,

201; ferrous, 44, 201; and oxygen
toxicity, 202; selection of, 64–65

Isoprenoids. See Terpenoids

Kinesin, 187
Krebs cycle: in ATP generation, 58, 59,

61–62; as coupling mechanism, 50; in
electron transport, 138, 139; in
evolution, 52–53, 64, 150

L-Amino acids: in cell walls, 12; in
meteorites, 13; in murein, 176; selection
of, 96

Last Universal Common Ancestor. See
LUCA (Last Universal Common
Ancestor)

Life: building blocks, described, 6, 7,
formation of, 8, 9, obtaining, 8;
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development of, 63–64, 77, 87, 109, 115,
149–151; extraterrestrial, 158–159;
history of, viii; origins of, 51, 52–53, 61,
155–157; probability of, 157–159;
singularity of, 159–160

Lipid bilayer, 118–123
Lipids: membrane bilayer, 118–122;

synthesis of, 34, 125–126, 182
Lipoic acid, oxidative decarboxylation of,

58, 60–61
Lipophilicity defined, 119. See also

Hydrophobicity
Long-chain alcohols. See Terpenoids
LUCA (Last Universal Common Ancestor):

described, 161–162; evolution of, 162,
165, 170–171; origins of, 164–167, 177;
representation of, 162–163, 183–185;
selection in, 183–185

Lungfish, evolution of, 218
Lysosomes, 123, 187, 190, 192, 194

Macroevolution. See Evolution, vertical
Mammals, 229, 235, 237
Mars, 15, 159
Martin/Müller hypothesis, 206–207
Membranes, cellular: alcohols, long-chain

in, 126–128; described, 118; enzymes in,
123, 182; formation of, 130–131; origins
of, 124–132; phospholipids in, 121, 176,
182; properties of, 120, 124, 131, 165;
proteins in, 122–124; proton pumps in,
123, 135, 137–138

Metabolic pathways. See Metabolism
Metabolism, 17, 46, 58–61. See also

Protometabolism
Methane, 7, 47, 175, 208
Methanogens, 47, 175, 206
Methanol, 7–8
Microevolution. See Evolution, horizontal
Microfossils. See Fossils
Microspheres described, 130
Microtubules. See Cytoskeleton
Mimicry and evolution, 234–235
Mitochondria: and chloroplasts, 210;

evolution of, 194–195, 204–210; and
protonmotive force, 204

Mitosis, 187. See also Cell division
Mitosomes, evolution of, 194. See also

Mitochondria
Mitotic division. See Mitosis
Molecular clock described, 172, 173
Molecular phylogenies, 171–175

Molecules, organic: classification of,
10–11; in extraterrestrial sites, 7;
selection of, 13, 17–19; synthesis of, 128

Monophyletic defined, viii
mRNA: in biosynthetic reactions, 91–93,

95; coding action of, 92; in evolution,
66; in protein synthesis, 151

Multicellular organisms, history of, 214
Multimers: and catalyst selection, 23–24;

described, 22–23, 24; and membrane
formation, 130

Mutations: and evolution, 219, 220,
232–234, 235; and the genetic code, 102,
104–105, 171–172; point, 102, 105, 172,
233–234; spread of, 110

Myosin, 187

NAD, 49, 55–60, 84, 138, 139, 140–142,
144–145

NADP, 49, 84, 125, 140–142, 144–145
Nanaerobes described, 202
Natural selection model, 1, 105, 167, 173,

177, 238
Neanderthals, 225
Necessity. See Deterministic necessity

model
Neoteny theory, 227
NTP (Nucleoside triphosphates): group

transfer in, 32; in molecule formation,
34–35, 79

Nucleoside triphosphates (NTP). See NTP
(Nucleoside triphosphates)

Nucleotidyl transfer, 32, 34, 63, 70
Nucleus, origin of, 212–213

Optical activity. See Chirality
Optimization: of the genetic code,

104–105, 109, 117; of metabolism, 20,
36; and selection, 154; selective, 81–82,
102, 106, 110, 158, 160, 211, 234–235,
238–239

Organisms, living: metabolism in, 46, 59;
multicellular, 214; properties of, 162;
sexually reproducing, 217; stem,
217–220

Origins of life, 51, 52–53, 61, 155–157
Oxidation, 54, 56, 58, 60, 138–139, 200.

See also Oxidation-reduction reactions
Oxidation-reduction reactions, 41
Oxidative decarboxylation:

�-ketoglutarate, 58, 60, 61; lipoic acid,
58, 60–61; pyruvate, 58, 61
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Oxygen: carbon and, 200; and evolution,
199–202; toxicity, 202, 205

Oxygen holocaust model, 199–201, 207

Pantetheine, structure of, 62
Paralogy. See Genes, paralogous
Peptides, synthesis of, 23, 91
Peptidyl transferase. See rRNA
PER (peptide-enhanced) world model,

99–100
Peroxisomes, origin of, 212
pH, 39, 147, 166, 176
Phagocytes: described, 201; primitive,

hypothesis, 190–196, 197, 198, 209
Phagocytosis described, 194
Phosphate: on Earth, 36; selection of,

36–38
Phosphoglyceraldehyde, 58, 59, 62
Phospholipids, 121, 122, 182: ester, 178,

182; ether, 178
Phosphopanthetene. See Pantetheine,

structure of
Phosphoryl transfer, 30, 35, 56, 57, 128
Phosphorylation: of ATP, 29, 31;

carrier-level, 58, 148; group transfer in,
30; substrate-level, 58

Photophosphorylation, 48, 141–144
Photosynthesis, 199. See also Phototrophy
Phototrophy. See also Photosynthesis:

described, 48; electron transport in,
141–143, 144

Phylogenetic tree. See also Molecular
phylogenies: of animals, 175; in fungi,
175, 181; in plants, 175

Planctomycetes, 195
Planets, 7, 158, 159. See also Solar System
Plants: drug resistance in, 234; energy,

source of, 44, 48; and evolution, 186,
199, 211; evolution of, 214, 218, 219;
genetic code in, 100, 161; phylogenetic
tree in, 175; structures unique to, 6, 171,
187

Polyphosphate, 37, 64, 76
Porphyrin. See Hemoproteins
Potentials: membrane, 27, 123; proton, 63
Primates, 230, 237
Primitive phagocyte hypothesis, 190–196,

197, 198, 209
Probability. See Chance
Profligacy defined, 153
Prokaryotic cells: cholesterol in, 122;

chromosomes in, 193; cytomembranes

vs. cell membranes, 193; evolution of,
175–177, 178, 206–207; membranes in,
120; methane-producing, chemotrophy
in, 47; properties of, 118–122, 171

Proteinogenic amino acids. See Amino
acids, proteinogenic

Proteins: described, 88–90; lengthening,
mechanisms of, 111; origins of, 95–100,
106–110; receptors, 124; sequence space
in, 108; sequencing, 173–174, 195;
synthesis, adenosine triphosphate (ATP)
in, 90, development of, 151, 154,
mechanism of, 34, 90–93, 95, protocells
and, 98–99, ribosomes and, 91, 97;
translation of, 92; translocators, 123,
203–204

Protists, 171, 188, 194–195, 203, 205, 208,
212, 214–216

Protocells: origin of, 131; and pH, 147; and
protein synthesis, 98–99; replication in,
132

Protoeukaryotes: chimerism in, 178–181,
182; described, 178–182

Protometabolism. See also Metabolism:
congruence and, 20–21, 76–77, 152–153;
described, 15–16, 149–151; evolution of,
17; RNA and, 15, 75–78, 150–151

Protonmotive force. See also Protons:
biospheric, 145; in chemotrophy, 140;
coupling engines, properties of,
133–134, 138; described, 133; in
heterotrophy, 139; metabolic functions
of, 138; mitochondria in, 204; origins of,
146–148

Protons: in energy transfer, 41; potentials,
63

Pseudo-bottleneck model, 3, 166, 210, 216,
223, 239

Pumps in membrane transport, 123, 135,
137–138

Pyrophosphate: bonds, 25–27, 30–35, 37,
39–40, 54, 63–64, 77; in evolution, 149,
150; in protein synthesis, 90, 126–128;
in protometabolism, 153, 156; in RNA
synthesis, 68–70, 76–77

Pyrophosphoryl transfer, 19, 33, 35,
128

Pyrophosphorylation of ATP, 33, 35
Pyruvate, oxidative decarboxylation of, 58,

61

Quinones, 49
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Receptors in cellular membranes, 124
Redox couples described, 42
Redox potential in energy transfer, 42
Redox reactions, 41
Reduction, 41
Redundancy in the genetic code, 105, 117
Replication: in Archaea, 66; DNA, 112–113,

114; fidelity of, 97; in protocells, 132;
RNA (See RNA, synthesis)

Reptiles, 237
Restrictive bottleneck model, 3, 210
Retroviruses described, 116, 168, 169.

See also RNA, viruses
Rhodopsin. See Bacteriorhodopsin
Ribonucleic acid. See RNA
Ribose: in ATP, 25, 35; in biosynthetic

reactions, 46, 62, 72, 76; and DNA,
112–115; D-ribose, 11–12, 13, 38–39, 67,
75, 77; L-ribose, 96; in RNA synthesis,
68, 78–79; selection of, 38–39, 78–79

Ribosomes: in eukaryotic cells, 187, 191; in
membrane transport, 124; and protein
synthesis, 91, 97, 203

Ribozymes: as catalysts, 84–86; described,
16, 83; and RNA synthesis, 85, 86, 117;
selection of, 18, 19

RNA: and amino acids, 96, 103; chirality
in, 13, 79, 96; described, 16, 67, 106,
107; in the LUCA, 164; messengern
(See mRNA); mRNA, 92; origin of, 15,
66–67, 73–75, 78–80, 152; and
protometabolism, 15, 75–78, 150–151;
ribosomal (See rRNA); selection of, 76,
79; sequence space in, 81; sequencing,
174; synthesis, chain elongation,
mechanism of, 69, 79–80, chemical
reaction of, 26, 77–78, nucleotide
structures involved in, 35, 68–72, and
ribozymes, 85, 86, 117, splicing in, 107;
transfer (See tRNA); the Ur-Gen, 80–83;
viruses, 114, 116, 168, 169, (See also
Retroviruses described)

RNA World model, 17, 83–86, 87, 107, 151
rRNA: in biosynthetic reactions, 91–93, 95;

in evolution, 66; in protein synthesis,
151

Selection. See also individual topic by name:
agents of, 99–100, 154–155; Darwinian
(See Natural selection model); described,
96, 238–239; direct (See Selection,
molecular); and innovation, 184; in the

LUCA, 183–185; molecular, 18, 19, 82,
85, 98; molecules, organic, 13, 17–19;
natural (See Natural selection model);
origins of, 153–154

Selective bottleneck model, 1–3, 154, 166,
177, 210, 235

Selective permeability in cellular
membranes, 131

Sequence space: defined, 81–82, 107–110;
protein, 108; RNA, 81

Sexual reproduction, 216
Singularity: defined, viii; in human

evolution, 221; of life, 159–160;
mechanisms of, 1–5, 238; in
multicellular organisms, 214

Solar system, 7, 13, 159
Specific rotary power defined, 10
Stem organisms, 217–220
Substances, organic, 7
Succinate, 59, 138, 139, 145
Sulfate, 45, 63, 120, 138
Sulfur. See also Sulfate; Thioesters: on earth,

63; selection of, 63–64
Symbiosis. See also Endosymbionts:

defined, 179; in evolution, 206,
208

Synthesis: proteins, adenosine
triphosphate (ATP) in, 90, development
of, 151, 154, mechanism of, 34, 90–93,
95, protocells and, 98–99, ribosomes
and, 91, 97; RNA, chain elongation,
mechanism of, 69, 79–80, chemical
reaction of, 26, 77–78, nucleotide
structures involved in, 35, 68–72, and
ribozymes, 85, 86, 117, splicing in, 107;
terpenoids, 127

Syntrophic hypothesis, 180, 213

Terpenoids: in cellular membranes,
126–128; structure of, 129; synthesis,
127

Thermodynamics. See Energetics
Thioctic acid. See Lipoic acid, oxidative

decarboxylation of
Thioesters: coupling in, 56–57; described,

54; and the development of life, 63–64,
77; electron transfers and, 54–62; and
group transfers, 62–63; in metabolic
processes, 58–61

Thiols, 63, 156
Thymine. See Bases, pyrimidine
Titan, 15



P1: JtR
052184195Xind.xml CB804-De Duve 0 521 84195 X July 1, 2005 5:24

258 INDEX

Transcription: in DNA replication,
115–116; regulating and evolution, 215;
reverse, 71, 114

Transducers in living systems, 27
Transfer: acyl, 56, 57, 61, 91; electrons (See

Electrons in energy transfer) ; genes (See
Genes, transfer); group (See Group
transfer) ; nucleotidyl, 32, 34, 63, 70;
phosphoryl, 30, 35, 56, 57, 128;
pyrophosphoryl, 18, 19, 35, 128

Translation: and the genetic code,
100–106; and mRNA coding,
92

Translocation: in cellular membranes,
123; of protein products in
endosymbiont evolution, 123,
203–204

Transport, active. See Pumps in membrane
transport

Transporters in cellular membranes,
123–124

tRNA: in biosynthetic reactions, 91–93, 95;
in evolution, 66; in protein synthesis,
151

tRNA synthetases, 92, 103, 111
Tubulin. See Cytoskeleton

Ubiquinone, function of, 135–137
Uracil. See Bases, pyrimidine
Ur-Gen described, 80–83
UTP, 25, 35, 68, 75–76, 153

Viruses: described, 167–169; DNA, 168;
origin of, 168; retroviruses, 116, 168,
169; RNA, 114, 116, 168, 169

Vitamins, 128, 129
Volcanic sources. See Hydrothermal vents

Water: and amino acids, 89, 102; and ATP,
25–30, 33, 37, 39; in biosynthetic
reactions, 42–49, 55, 205; in cell
membranes, 119–120, 123, 128, 130; in
cosmic chemistry, 7–8; in electron
transport, 138–144; and the origin of
life, 155–159, 175, 218; and oxygen,
199, 201

Work. See Energy; Transducers in living
systems


