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Preface

HE QUESTION OF HOW LIFE FIRST APPEARED ON THE EARTH CONTINUES to fascinate both scientists and
lay readers. A scientific database reveals over 31,000 papers related to this topic, and if one
uses "origin of life on Earth" as key words to search a well-known online bookseller, perhaps a
hundred or so books are available that deal directly with the science related to life’s beginning.
Why should we add another?
The reason is that the origin of life remains an open question, yet there is a growing optimism
in the scientific community that we are getting closer to an answer. A number of new research
themes that matured over the last decade have contributed to the burgeoning interest in life’s
origins, not the least of which is that for the first time in history we are searching for evidence
of life on Mars. Results from the rovers show that Mars had liquid water over three billion years
ago, at the same time that life began on Earth. A second independent origin would revolutionize
our understanding of life as a universal phenomenon, not just confined to our planet.
The advent of systems biology and synthetic biology also changed the way we think about the
origin of life. At some point in the pathway leading to life, there must have been a process by
which molecular systems were encapsulated in cellular compartments. This understanding is now
driving serious efforts to assemble artificial cells using the tools of synthetic biology, in a sense
attempting to achieve a second origin of life that will tell us much about the first origin.
The editors wish to thank Richard Sever for initiating the process by which this book came to be,
and Barbara Acosta for her tireless work to make it happen. We also thank all of the authors who
agreed to contribute chapters. It is not easy to take time away from research to write a book
chapter, but the authors agreed with us that this would be a valuable way to share their ideas. The
result is a wonderful collection of expert articles that we hope will interest other scientists and
guide the next generation of young investigators who are attracted to the problem of life’s origin.
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Introduction and Overview
he past decade has seen a resurgence of interest, both public and scientific, in the Origin
of Life. One of the most dramatic reasons for
this is the discovery of hundreds of extrasolar
planets, and the eagerly anticipated detection
of Earth-like planets orbiting other stars. These
ongoing discoveries bring a sense of immediacy
to the age old question of whether we are alone
in the Universe or live in a cosmos that is teeming with life. The contemporaneous discovery
of the extremophiles that populate such surprising environments on our planet strongly
suggests that many other planets could, in principle, support life. But how likely is it that there
is in fact life on these other planets? The answer
to this question depends strongly on whether
the emergence of simple biology from prebiotic
planetary chemistry is easy or hard, common or
rare. This question can be addressed by scientific studies of the origin of life on Earth, studies
that encompass the full panoply of events ranging from the formation of the Earth, through its
early geochemistry and later prebiotic organic
chemistry, to the synthesis of the necessary biomolecular building blocks and finally the selfassembly of primitive replicating cell-like entities that could then use the power of Darwinian
evolution to adapt to an ever wider range of
environments. It is these studies that are the
subject of this volume.
To get some idea of the scope of the question
of life’s origins, consider for a moment what the
Earth’s surface was like 4 billion years ago, before
life began. There were no genes to tell a living
organism what proteins to make. There were
no enzymatic catalysts, no photosynthesis, and
no metabolism. Instead, on Mars and the Earth,
there were sterile mineral crusts, salty oceans
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containing a dilute solution of thousands of
organic compounds, volcanic land masses rising from hot seas, and wet-dry cycles where
seas met land. Water continuously evaporated
from the interface between sea and atmosphere,
condensed as rain and fell on the lava of volcanic
islands where it formed small pools containing
organic solutes, then evaporated again. From
this unpromising chaos of land, sea, and atmosphere, the first life somehow emerged, certainly
on the Earth, perhaps on Mars. (See Fig. 1.)
Because life is an emergent phenomenon of
chemistry, it has been mostly chemists who are
attracted to the question of how life began.
When the first microorganisms began to grow
and reproduce on the early Earth, chemical
reactions associated with growth, metabolism,
and replication were among the earliest adaptations to life in a harsh and increasingly competitive environment. But how could the chemistry
begin? The answer to this question involves a
much larger scope that views life not just from
an Earth-centric perspective, but instead as
part of a universal process involving the birth
and death of stars, planet formation, interfaces
between minerals, water, and the atmosphere,
as well as the physics and chemistry of carbon
compounds. The chemistry of life only becomes
possible after physical processes permit lifespecific chemical reactions to begin.
The main thrust of this book is to move
away from classical scenarios that emphasize
the unconstrained synthesis of organic molecules by the treatment of simpler molecules
with intense sources of energy. Instead we treat
the origin of life as the emergence of molecular systems contained in some form of semipermeable compartment. Containment will be
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Figure 1. An artist’s conception of the early Earth, sometime between 4.4 and 3.8 billion years ago. Oceans had
condensed, volcanic land masses resembling Hawaii and Iceland rose out of the seas, and rainstorms produced
fresh water ponds on the newly formed land masses. The physical and chemical processes leading to the first
forms of life were taking place wherever there were interfaces between minerals, water and the atmosphere.
(Figure by Don Dixon, FIAAA # 2005 and reprinted here with express permission from the artist.)

considered not just an afterthought, but instead
as essential for life to begin and evolve. On the
early Earth, over tens to hundreds of millions
of years, vast numbers of microscopic compartments were produced at interfaces of minerals,
water, and atmosphere. Within this multitude,
some happened to contain genetic molecules
that could guide the capture of chemical energy
and smaller molecules from the surrounding
environment and use this energy to facilitate
their own replication. The emergence of compartmented sets of polymers capable of energydependent growth, reproduction, and evolution
marked the beginning of life as we know it
today.
A second theme will be to constrain our
guesswork by a serious consideration of what
the early Earth was really like, an effort that no
matter how difficult is essential to direct realistic and informative laboratory simulations.
2

Questions of impact history, the Hadean/Archaean environment, volcanism, and the establishment of plate tectonics are all critical if we
are to understand the chemical and physical
environment that prevailed at the time of life’s
origin.
The invited chapters in this book therefore
represent an integrated set of primary concepts
that we believe will foster new approaches to
the origin of life. Each chapter presents aspects
resembling pieces of a puzzle, and they are
organized in such a way as to form an approximate chronological narrative. Because science
necessarily progresses by filling in gaps with
essential knowledge, we have invited authors
to make explicit the challenges and future directions they perceive as scientists working on
questions related to life’s origin. The first chapter introduces the history of the primary ideas
that guide research on life’s beginning. This is
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followed by a section entitled Setting the Stage,
which describes conditions on the early Earth
that can be used to constrain laboratory simulations of the Hadean and Archaean environment. The next section, entitled Components
of First Life covers the kinds of molecules that
were likely to be available in the prebiotic environment. This is followed by a section called
Primitive Systems that discusses the interactions
between molecules that are fundamental to our
understanding of the origin of living systems.
The fourth section is dedicated to polymers
that show how the requirements for life can be
fulfilled if we treat them as the emergence of
systems incorporating a flux of energy and
nutrients that drives catalyzed polymerization
and replication. The section entitled Transition
to a Microbial World describes how the origin

and evolution of ribosomes and a genetic code
can be understood in terms of the RNA world
that preceded it. A chapter on synthetic biology
describes how we can use newly developed
methods as tools to fabricate artificial cellular
systems that show certain properties of the living state, including protein synthesis encoded
by encapsulated genes. The book concludes
with a final chapter that considers the possibility that life also arose on Mars.
Science is commonly viewed as primarily a
body of knowledge, but for those engaged in
research it is much more than that. Individual
scientists are motivated by questions, not answers. The authors in this volume are each contributing to the progress being made toward
answering one of the great questions of biology:
How does life begin?

Cite this article as Cold Spring Harb Perspect Biol 2010;00:a002071

3

Copyright 2010 Cold Spring Harbor Laboratory Press. Not for distribution.
Do not copy without written permission from Cold Spring Harbor Laboratory Press

Index

A
Acetal linkage, proto-RNA, 220 –221
Amino acid
curved arrow mechanisms in formation,
72 –74
eutectic enantiomeric excess values, 134 –135
mineral surface binding, 161 –162
monomer polymerization potential, 103–104
protein synthesis, See Ribosome
yield in Miller-Urey experiment, 13
Amphiphiles, See Protocell; Vesicle
Apatite, 154
Archaean era
asteroid impacts, 39 –40
clement conditions on earliest Earth, 37 –39
definition, 36
mantle paleontology, 43 –44
photosynthesis advent, 41 –42
prospects for study, 44 –45
zircon formation, 40
Atmosphere
impact degassing, 53 –56
moon formation
impact, 56 –58
post-impact, 58– 60
origins, 50 –52
prospects for study, 60 –62
secondary atmospheres, 52 –53
volcanic atmospheres, 53

B
Basalt, 47
Belousov-Zhabotinsky reaction, 17
Bilik reaction, 85
Bioenergetics
energy sources in prebiotic Earth
carbohydrate chemical energy, 150 –151, 153
chemiosmotic energy conversion to
anhydride energy, 149 –150
energy flow, 144 –145
geological electrochemical energy, 148
photochemical energy, 148
sulfur chemistry, 148 –149
thermal energy, 146 –147, 151

fundamental considerations from
thermodynamics and kinetics, 142–143
overview, 143–144
prospects for study
condensation energy source discovery, 153
phosphate reactions, 154
pigments and photosynthesis, 154
Blackmond/brown model, 127–128
Borate, carbohydrate binding and stabilization,
79–84
Breslow, Ronald, 77
Butlerov, Aleksandr, 7, 76

C
Carbohydrate
chemical energy, 150–151, 153
curved arrow mechanisms formation,
75–78
metastability
improvement
appendages, 77, 79
minerals, 79– 86
limitations, 75
polymerization, 68–69
prebiotic synthesis driving, 150–151
Carbon, See Cosmic carbon; specific compounds
Carbonaceous meteorite
abiotic pathways to biomolecules, 100–103
Antarctica finds, 94–97
carbon delivery
molecular evolution
energetic contingencies, 104– 105
monomer polymerization potential,
103– 104
overview, 26, 89–90
carbonaceous chondrite characteristics,
90–91
cosmic history, 97–100
isotopic ratios, 97–99
Murchison organic carbon
classes of compounds, 93
insoluble organic material, 91– 92
soluble organic compounds, 92
prospects for study, 105
313

Copyright 2010 Cold Spring Harbor Laboratory Press. Not for distribution.
Do not copy without written permission from Cold Spring Harbor Laboratory Press
Index

Carbon bond
electron pairs, 69 –70
strength, 69
Carbonyl sulfide, prebiotic condensing agent,
152 –153
Chatton, E., 281 –282
Chemiosmotic energy, conversion to anhydride
energy, 149 –150
Chirality, See Homochirality
Clay, RNA polymerization, 151
Comet, carbon delivery, 26
Cosmic carbon
compound formation in space environments,
24 –25
extraterrestrial delivery, 26
gas phase molecules, 26 –27
interstellar ices, 28 –29
interstellar medium phases, 23 – 24
inventory, 22 –23
meteorite, See Carbonaceous meteorite
organic molecule cycles, 22 –24
prospects for study, 30 –31
refractory compounds, 27 – 28
relevance for early Earth, 29 –30
solar system formation, 25 –26
stability, 29
young terrestrial planet conditions, 24
Cosmozoa, 8
Crick, Francis, 13, 15
Crystal surface, See Mineral surface
Curved arrow mechanisms
amino acid formation, 72– 74
carbohydrate formation, 75 –78
electron pair movement, 70 –71
nucleobase formation, 74 –75

D
Darwin, Charles, 6, 9, 282
D’Herelle, Felix, 8, 10
Diaminopurine, proto-RNA, 214

E
Electron pair
atomic bonding, 69 –70
curved arrows and movement depiction,
70 –71
Electrophilic center, 70
Elongation factors
ancestral sequence reconstruction,
288 –291
thermostability, 288 –289
Enatiomer, See Homochirality

314

Energy flux
origin of life considerations, 142–143
prebiotic energy flow, 144
Eschenmoser synthesis, carbohydrate, 75–76
Eve crystal model, conglomerates, 130–131
Extended triple-layer model, ligand
exchange, 161

F
Fast ridge axis, 47
Faux amphibolite, 47
Fischer-Tropsch reaction, 145, 183
Formaldehyde, ultraviolet light as energy source
for synthesis, 145
Fox, George, 282
Fox, Sidney W., 13
Frank, F.C., 125–127

G
Gabbro, 47
Geological electrochemical energy, prebiotic
energy source, 148
Glycerol nucleic acid (GNA), 210, 216
GNA, See Glycerol nucleic acid
Goldilocks situation, 47
Graham, Thomas, 6

H
Hadean era
asteroid impacts, 39–40
clement conditions on earliest Earth, 37–39
definition, 36
geochemical environment, 157–158
Hudson Bay rock characteristics, 40–41
mantle paleontology, 43–44
mineral diversity and distribution, 162–163
photosynthesis advent, 41–42
prospects for study, 44–45
zircon formation, 40
Haldane, John, 10
Harvey, R.B., 10
Herrera, A.L., 8
Heterotrophic theory, evolution, 11–12
Homochirality
autocatalytic mechanism, 125–127, 137
chance versus determinism, 124, 128
enantiomeric excess, 124–126
enantiomers, 123
life signature, 123–124
mechanistic corroboration of Frank model,
127– 128

Copyright 2010 Cold Spring Harbor Laboratory Press. Not for distribution.
Do not copy without written permission from Cold Spring Harbor Laboratory Press
Index

minerals and chiral molecular adsorption,
165 –166
phase behavior
chiral amnesia, 132
crystal engineering for tuning eutectics,
135 –137
enantioenrichment thermodynamic
model, 134
Eve crystal model for conglomerates,
130 –131
extension to chiral models, 132 – 134
modeling, 137 –138
near equilibrium systems, 131 –132
sublime partitioning, 134 –135
physical models
conglomerates, 129– 130
enantiomer partitioning, 130
eutectic composition, 129
kinetics versus thermodynamics, 128–129
phase behavior of chiral solids, 129
racemic compounds, 130
prospects for study, 137 –138
ribosome, 264 –265
Hypoxanthine, proto-RNA, 214

I
Infrared Space Observatory (ISO), 28
Insoluble organic material (IOM), Murchison
organic carbon, 91 –92
IOM, See Insoluble organic material
Iron oxide, sources in early Earth, 43
ISO, See Infrared Space Observatory
Isochron, 47
Isoguanine, proto-RNA, 214
Isua, 47

K
Kagan model, 127
Kimberlite, formation, 43 –44, 47
Komatiite, 47

L
Last universal common ancestor (LUCA), 41,
261, 265, 279
Lateral gene transfer, 283 –284
Lewis structure, 70
Lipid carrier model, membrane transport, 200
Lipid head group-gated model, membrane
transport, 199 –200
Lipman, Charles, 10
Liposome, See Vesicle

Lithosphere, 47– 48
LUCA, See Last universal common ancestor

M
Mantle, paleontology, 43–44, 48
Mars
astrobiology study rationale, 305–306
crustal magnetism, 309
Earth life applicability, 306–307
life
detection, 309–310
evidence searching, 307–309
water activity, 305–306
Membrane, See Protocell; Vesicle
Membrane transport
influences on cellular processes, 203
lipid dynamics, 195– 196, 200–201
membrane structure, 193–195
permeability mechanisms
lipid carrier model, 200
lipid head group-gated model, 199– 200
packing defect model, 199
solubility-diffusion model, 197–198
transient pore model, 198–199
prospects for study, 200–203
protocells, 202–203
selective permeability and origins of life,
201–202
Metastability
carbohydrate
improvement
appendages, 77, 79
minerals, 79– 86
limitations, 75
organic compounds, 68
Meteorite, See Carbonaceous meteorite
Methane
atmospheric stability, 50
interstellar ice, 28
methanogenesis, 42
Miller, Stanley C., 12, 146
Miller-Urey experiment, 12–13, 73–74, 145
Mineral surface
chiral molecular adsorption, 165–166
Hadean era mineral diversity and distribution,
162–163
molecular interactions and adsorption,
161–166
organic synthesis catalysis, 163
polymerization induction, 166– 167
prospects for study, 167–169
structure, 159– 160
water interface, 160–161

315

Copyright 2010 Cold Spring Harbor Laboratory Press. Not for distribution.
Do not copy without written permission from Cold Spring Harbor Laboratory Press
Index

Molybdate, carbohydrate binding and stabilization,
85 –86
Moon
formation from planetary collision, 56 –58
impact studies, 39
Muller, Hermann J., 9, 13 –14
Murchison organic carbon
classes of compounds, 93
insoluble organic material, 91 –92
soluble organic compounds, 92
Mush, 48

N
Nucleobase, See also Ribonucleotide
curved arrow mechanisms in
formation, 74– 75
novel prebiotic synthesis, 152 –153
polymerization, See RNA
Nucleophilic center, 70

O
OB fold, riboproteins, 268
Oken, Lorenz, 6
Oparin, A.L., 9 – 14, 16, 18
Orgel, Leslie, 207 –208
Origin of Species, 6– 8
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