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FOREWORD 
Early Thoughts on RNA and the Origin of Life 

The full impact of the essential role of the nucleic acids in biological 
systems was forcefully demonstrated by the research community in the 1950s. 
Although Avery and his collaborators had identified DNA as the genetic 
material responsible for the transformation of bacteria in 1944, it was not 
until the early 1950s that the Hershey-Chase experiments provided a more 
direct demonstration of this role. Finally, the structural DNA double helix 
proposed by Watson and Crick in 1953 clearly created a structural frame
work for the role of DNA as both information carrier and as a molecule that 
could undergo the necessary replication needed for daughter cells. 

Research continued by Kornberg and his colleagues in the mid-1950s 
emphasized the biochemistry and enzymology of DNA replication. At the 
same time, there was a growing interest in the role of RNA. The 1956 dis
covery by David Davies and myself showed that polyadenylic acid and 
polyuridylic acid could form a double-helical RNA molecule but that it 
differed somewhat from DNA A large number of experiments were subsequendy 
carried out with synthetic polyribonucleotides which illustrated that RNA 
could form even more complicated helical structures in which the specificity 
of hydrogen bonding was the key element in determining the molecular 
conformation. Finally, in I960,1 could show that it was possible to make a 
hybrid helix. The RNA molecule polyadenylic acid and the DNA molecule 
polydeoxythymidylic acid could form a double helix, even though it was 
known that the conformation of the DNA backbone and the RNA backbone 
were different from each other. This suggested a molecular model for the 
production of an RNA strand on a DNA strand. Work by Hurwitz, Stevens 
and Weiss on purification of RNA polymerase eventually led to identification of 
the system in which DNA-dependent RNA could be synthesized. This set 
the stage early in 1961 for experiments by several groups that suggested that 
a rapidly-turning-over RNA molecule called messenger RNA was active in 
directing the synthesis of proteins on ribosomes, a result that was confirmed 
by experiments of Nirenberg and associates which showed that the RNA 
molecule polyuridylic acid directed the synthesis of polyphenylalanine on 
ribosomes. 

In the early 1960s I was pondering the impact of all of this newly 
acquired knowledge on problems of evolution and the origin of life. The 
most popular ideas about the origin of life in the 1940s was that espoused by 
the Russian scientist Oparin, who expressed the belief that life began in 
coaccervates of polypeptide chains that formed specialized environments lead
ing to the production of enzymatic activity and eventually to living systems. 
This was a view that I felt was likely to be incorrect since it did not explain 
the fundamental role of the nucleic acids in providing the information needed 
for specifying biological systems. 



when the chemist and spectroscopist Michael Kasha was a Visiting Pro
fessor at Harvard for the 1960-1961 term, we spent some time doing experi
ments together. It was toward the end of his stay that he approached me to ask 
if I would contribute a chapter to a book that he and Bernard Pullman were 
editing as a Festschrift for Albert Szent-Gyorgyi. This book, with the title 
Horizons in Biochemistry (Academic Press, New York, 1962), represented 
an opportunity for me to put down a number of thoughts that I had about 
the origin of living systems. I wrote an article with the tide "On the Problems 
of Evolution and Biochemical Information Transfer" (pp. 103-126). It pre
sented a brief overview of the way information was transmitted from DNA to 
RNA and eventually to direaing the synthesis of proteins through the inter
action of transfer RNA molecules with messenger RNA in ribosomes. In 
this essay, I stressed the fact that life could not have originated with protein 
molecules since it could not explain how nucleic acids came to control pro
tein synthesis. I stressed that it was more likely that polynucleotides were the 
origin of living systems. I postulated a primitive environment in which poly
nucleotide chains are able to act as a template or as a somewhat inefficient 
catalyst for promoting the polymerization of the complementary nucleotide 
residues to build up an initial two-stranded molecule. Such an inefficient 
system could be followed by denaturation of the nucleic acid duplex and 
continuation of the process which would ultimately lead to an increasingly 
larger number of nucleic acid polymers. I then outlined various ways in 
which the polymerization of nucleic acids might be coupled with an ineffi
cient polymerization of amino acids. Of key importance in this view was the 
development of primitive activating enzymes that would begin to relate a 
specific nucleic acid sequence to the assembly of specific amino acids. Thus, 
"life" was viewed as starting with a coupling of nucleic acid polymerization 
and amino acid polymerization although it was stressed that the prototype 
of this reaction may have been in a form quite different from that which we 
observe today. 

In another section I asked the question, why are there two nucleic 
acids in contemporary biological systems? It seemed reasonable to believe 
that both RNA and DNA stemmed from a common precursor. However, it 
was apparent in contemporary biological systems that DNA seems to act as 
a major carrier of genetic information, while the RNA molecule is used to 
convert the genetic information into actual protein molecules. However, I 
noted that RNA molecules are also able to carry genetic information as in 
RNA-containing viruses. Thus, it seemed reasonable to speculate that the 
first polynucleotide molecule was initially an RNA polymer that was able to 
convey genetic information as well as organize amino acids into specific se
quences to make proteins. 

This article, published in 1962, was probably the first statement to 
suggest that RNA was the fundamental nucleic acid involved in the origin of 
living systems. 



It is interesting to note that, in this same essay, I discussed the method by 
which the newly discovered messenger RNA was made. I suggested the possibility 
that messenger RNA may be made in vivo as complementary copies of one or 
both strands of DNA. If both strands are active, then the DNA would produce 
two RNA strands, and only one of these might be active as messenger RNA in 
protein synthesis. The other strand, I speculated, might be a component of a con
trol or regulatory system. This is probably the first statement of an anti-sense 
function for RNA molecules. It also suggests the possibility that RNA could have 
other regulatory functions. 

These statements were published over 40 years ago. Today we have a wealth 
of information that strengthens the role of RNA in the early evolution of life. The 
discovery of ribozymes by Cech and the more recent discovery of micro-RNAs 
that have a variety of fiinctions in controlling the development of biological sys
tems suggests that these may be trace evidence of what has been called the "RNA 
world", meaning an era in early evolution in which RNA played a dominant role 
in both replication and in carrying out a number of chemical modifications lead
ing to the organization of present-day biological systems. 

Given our present much more extensive knowledge base concerning the role 
of nucleic acids in biological systems, it leaves open the issue of when "life" actu
ally began. Preceding the arrival of RNA, there must have been an enormous 
complexity of chemical reactions. The recent research by Eschenmoser and col
leagues points out the possible participation of the four carbon threose nucleic 
acid polymers as precursors of present-day RNA molecules. It is likely that we will 
not be able to define a precise event that led to the origin of life. Rather, we are 
likely to view a growing level of molecular complexity that eventually yields a 
system that we would call "living" but for which it would be very hard to define a 
unique point at which we can say that life began. Of course, a key element is the 
extent to which all of these processes in early evolutionary history were error prone. 
These errors provided the substrate for Darwinian selection since, among the er
rors in the system, some will create efficiencies that form the basis for selection 
that eventually provides the direction for molecular evolution. 

Alexander Rich 
Department of Biology 

Massachusetts Institute of Technology 
Cambridgey Massachusetts, U.S.A. 



PREFACE 

It has been said that everybody thinks that he understands evolution 
but nobody really does. A key word in the previous phrase is 'everybody. 
Unlike many other disciplines of biology that are rarely pondered upon by 
laymen, interest in evolution far precedes the application of scientific method 
to the problem. The question Vhere do we come from?' is the cradle of all 
forms of pantheism and continues to be one of the central questions of modern 
biology. The complexity of the problem is such that pessimistic predictions 
abound on our chances of ever understanding the origin of life. And yet, we 
are making extraordinary progress. 

The field advances mainly through a punctuated cycle of large-scale 
theoretical predictions and breakthroughs followed by the slow gathering of 
experimental evidence. Among the most spectacular successes of the field 
one must surely count the prediction and exploration of the role of RNA, 
which has provided a satisfactory background to the origin of modern spe
cies and a crucial insight into extant cell metabolism. On the other hand, we 
are still far from understanding the transition from a chemical world to this 
RNA world that gave rise to life on earth. 

This book deals mainly with the processes that led from an established 
RNA world to the modern rule of the genetic code. The first three chapters 
of the book describe general concepts regarding the origin of life. These are 
followed by two reviews of theoretical and experimental studies of the RNA 
world that illustrate our current understanding of this crucial phase of life 
evolution. Finally, the biochemistry and the evolution of the central compo
nents of the modern genetic code are dissected individually. The goal of this 
structure is to provide the reader with relevant and detailed information on 
each of these aspects of the evolution of the code within a temporal perspec
tive of the general evolution of life. 

I need to acknowledge the generosity of the authors that have contrib
uted to this volume. They have written excellent reviews and have endured 
my demanding messages with considerable patience. Many people have read 
and commented chapters of the book or its general organization. I need to 
thank especially Ricard Amils, Gustaf Arrenhius, Hugues Bedouelle, Kirk 
Beebe, Oliver Botta, Jim Brown, Stephen Cusack, Patrick Forterre, Magali 
Frugier, Rezha Gadhiri, Jerry Joyce, Roshan Kumar, Antonio Lazcano, Leslie 
Orgel, John Reader, Julius Rebek, Manuel Santos, Paul Schimmel, Bill Waas, 
Malcolm White, and Xianglei Yang. 

Finally, my warmest thanks to Landes Bioscience, Ron Landes, and 
Cynthia Conomos, for their efforts during the long process of publication of 
this volume. 

Lluis Ribas de Pouplana 
Barcelona 2004 



CHAPTER 1 

The Early Earth 
Oliver Botta and Jeffrey L. Bada 

Introduction 

The Earth is so far the only place in the Universe where life is known to exist. Is the Earth 
special, or are there other places both in our own solar system and beyond where life 
may have originated and either became extinct or still exists today? Hopefully, in the 

not to distant future we may find out. During the coming decades, spacecraft will search for 
evidence of life on Mars and Jupiter s moon Europa, which are considered to be the most 
promising places for the existence of extant or extinct extraterrestrial life within our solar sys
tem. Using remote sensing techniques, we will also begin to look for signs of life's chemistry on 
the extrasolar planets, which seem to be omnipresent companions of many main sequence 
stars. If the conditions that resulted in the origin of life on Earth are common throughout the 
Universe, it seems almost certain that life must exist elsewhere. However, to evaluate whether 
the Earth is a unique place, or simply an average rocky planet around an average star, we must 
access what the Earth was like before life began and how these conditions contributed to the 
processes thought to be involved in the origin of life. 

Raw Materials 
The *Big Bang' produced all the hydrogen now in the Universe, as well as about one third of 

the helium. In the early Universe there were no elements heavier than these simple light ele
ments. Thus any solar systems that might have formed during those early distant times must 
have been made up primarily of gas giant planets. This implies that life, at least with respect to 
carbon based life as we know it, would not have arisen during the Universe's early existence. 

And yet, about 10 billion years (Gyr) after the "Big Bang", the nebula that produced our 
own solar system had a complete inventory of the chemical elements, ranging from the light to 
the very heavy. Rocky planets could form from these materials, and carbon, oxygen, nitrogen, 
iron, sulftir and other trace elements that make life possible were present in abundance. Where 
did these other elements come from? 

The main reaction bv which stars like our Sun obtain their energy is the fusion of four 
hydrogen atoms into a He nucleus, a process called 'hydrogen burning'. As stars age, their 
hydrogen is eventually consumed and exhausted and the star then swells into a bloated object 
called a Red Giant. It is in Red Giant stars that the next stage of energy and element production 
begins by a process called "helium burning" in which carbon is the principal product. Carbon 
production involves first the fusion of two "̂ He atoms to produce an unstable ^Be nucleus, 
which in the interiors of hot helium burning stars exists long enough to fuse with another He 
atom, yielding a C nucleus. Fusion of another He atom with a C atom yields '^O. All 
carbon and oxygen that are present in all the organic compounds on Earth and in the Universe 
were once part of Red Giant stars. 

Essentially all of the remaining chemical elements, including the very heaviest ones, are 
synthesized during the death of a star. In fact, most of the heavy elements are created during 

The Genetic Code and the Origin of Life, edited by Lluis Ribas de Pouplana. 
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great cosmic explosions, called 'supernovae', that are the inevitable fate of aged giant stars that 
are at least 5-10 times more massive than our Sun. While much of this process used to be 
merely informed speculation on the part of astronomers, it has now actually been seen taking 
place. A supernova in a satellite galaxy of our own Milky Way was observed in great detail in 
1987 using state-of-the-art astrophysical methods, and these observations confirmed that heavy 
elements had been made in abundance during the explosion.^ 

As stars age and die, their elemental waste products are strewn throughout the Universe and 
become incorporated into accumulating interstellar clouds. Parts of these clouds eventually 
collapse, and contract to form denser clumps of material, which contain dense cores, the local
ized sites of star formation within the cloud. Further infall of material leads to the formation of 
protostars, and finally young stars. These star forming regions are characterized by the presence 
of one or several young stars that have a very high flux in the ultraviolet part of the electromag
netic spectrum. Some new stars in the well-known Orion nebula observed with the Hubble 
Space Telescope showed dark disks of material around them that are thought to be the initial 
stages of forming planetary systems."^ 

In the recent years, many extrasolar planets and collapsing dust clouds have now been found 
that estimates of how many planets —and how many Earth-like planets— there might be in 
the Milky Way and in the Universe at large are continuously revised. It now seems that a large 
fraction of stars give rise to planetary systems some which probably have Earth-like planets. It 
thus appears that there are many potential places in the Universe where life could have arisen. 

But, with respect to the origin of life on Earth, we still need to know some important 
things. How long ago did the Earth form.̂  What was the juvenile Earth and solar system like? 
What does the early rock record on the Earth tell us about this ancient period of Earth history? 

Formation of the Solar System 
The formation of solar systems such as ours is thought to take place in a surprisingly short 

period of time. Within 10 to 20 Myr after the initial collapse of the interstellar cloud, planetesi-
mals started to form in the inner region of the accretionary disk of dust and gas that sur
rounded our young star. Accretionary disks around stars, similar to the one that surrounded 
our young Sun, have been observed recently with the Hubble Space Telescope.^ Astronomical 
observations of stars in their early evolutionary stage have shown that the lifetime of the accre
tionary disks is -lO'^ years, '̂  in agreement with the estimates from our own solar system. 

Generally, the current scenario for the formation of the planets and smaller objects in our 
solar system suggests that within the residual accretionary disk small bodies and dust particles 
began to stochastically accumulate to form larger and larger planetesimals. The orbits of these 
planetesimals, of which thousands had formed, were not circular, but eccentric, leading to 
gravitational interactions and collisions. As these interactions continued, planetary embryos 
were formed by low-velocity collisions, and due to their increased gravitational pull, these 
began to be the dominant bodies within the disk. Computer simulations of these dynamical 
processes show that in about 50% of the cases numerous small rocky planets formed near the 
star while larger gaseous planets formed further out.^ Although there were originally many 
more rocky planets in the inner part of the solar system, most of them were either pulled into 
the Sun or ejected out of the solar system, leaving only the four present day terrestrial planets. 
Mercury, Venus, Earth and Mars, in the inner solar system. 

A significant number of extrasolar systems have been detected in the last several years (for a 
review see re£ 7). However, these systems appear to be very unlike our solar system, with large 
Jupiter-sized planets in very close orbits around the parent stars, implying that there may be 
completely different solar system formation mechanisms. The validity of the formation hy
pothesis for our own system, and therefore the formation of terrestrial planets that can harbor 
life, is still based on only our own case. Future planned space missions such as the NASA 
Terrestrial Planet Finder (TPF) or the ESA Eddington and Darwin spacecraft will be designed 
to detect Earth-like planets around other stars and help us to learn more about the abundance 
and formation of extrasolar planets, and perhaps their habitability 
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Formation of the Earth 
We know today from the uranium/lead dating method of meteorites that the solar system, 

and by inference the Earth, is 4.55 ± 0.11 Gyr old. Our planet probably formed from planetesi-
mals of material that has a composition similar to that of meteorites known as ordinary chon
drites. This primitive class of meteorites contains less volatiles than other solar system objects 
such as carbonaceous chondrites and comets and are probably representative of the material 
that formed in region around 1 Astronomical Unit (AU), the distance of the Earth to the Sun. 

Other types of meteorites have provided additional information about the formation of our 
planet. The meteorite types achondrites, stony-iron and iron meteorites are products of melt
ing and differentiation that took place on their parent bodies and these meteorites can there
fore provide constraints on the timescales over which planetesimal accretion and subsequent 
differentiation took place. Recent results indicate that these processes occurred fast on mete
orite parent bodies, but the inference to the large planets such as the Earth or Mars is not 
straightforward, mainly due to the controversy over whether the core formation in these plan
ets was a single global melting event or if the accreting planetesimals were already differenti
ated. Other work suggests that core formation in the Earth took place < 80 Myr after differen
tiation of the planetesimals in which iron meteorites formed.^'^ Based on Hf-W 
(hafnium-tungsten) systematics of SNC meteorites, which are widely believed to be samples of 
the Martian crust, it was concluded that core formation on Mars took place within the first --30 
Myr of solar system history. ^ 

The Earth is the only terrestrial planet with a large moon. The current favored scenario for 
the formation of the moon involves a collision, around 50 Myr after the formation of the inner 
planets, between the Earth and a planetesimal about the size of Mars. ̂ "̂ '̂ ^ Some of the debris 
from that collision went into a close orbit, probably around 25,000 km, around the Earth and 
eventually aggregated to form the moon. Due to this close distance, and to the much higher 
spin rate of the Earth at that time, tidal forces were three hundred times stronger than today, 
gready deforming the freshly formed crust, and if global oceans existed, causing oceanic tides 
much higher than today. These tides might have played a significant role in the formation of 
Ufe on Earth, as we will discuss later. If this collision theory for the origin of the moon is indeed 
correct, it also provides indirect support to the hypothesis that there were probably many smaller 
planetary bodies that formed in the inner solar system other than the four that are present 
today. 

Even after the moon formed, the Earth was still bombarded by bolides 10s of km in diam
eter at a frequency of about one collision every 1000 years or so. These impacts, as well as the 
decay of radioactive elements in the Earths interior, caused the planet to stay in a molten state 
for a few million years or less after its initial accretion. During this so-called "Hadean" pe
riod, the temperatures of the Earth were so high that the heavier elements sank towards the 
center of the planetary body forming the core, leaving the lighter elements to form the mantle 
and crust. As already mentioned, the timing of this differentiation is absolutely crucial for the 
origin of life, because it defined the oxidation state of the crust and consequently the composi
tion of the atmosphere. The formation of the core itself is important for other reasons as well. 
On one hand, it depleted the crust and the mande of the heavy elements and made carbon one 
of the most abundant elements in these regions. On the other hand, a metallic core is a prereq
uisite to the formation of a strong magnetic field around the planet. A magnetic field acts like 
a protection shield against the harsh particle radiation that is present everywhere in the solar 
system and the galaxy. 

The oldest rocks that have been dated on the Earth are those found in the Acasta Gneiss 
complex in Canada, which were formed over 4 Gyr ago. However, zircon crystals that are up 
to --A A Gyr old have been extracted out of younger rocks from Australia. The chemical and 
isotopic data obtained from one of the zircon crystals indicates the presence of large bodies of 
water, perhaps even oceans, as early as 4.3 to 4.4 Gyr, nearly a billion years earlier than the 
earliest evidence for cellular life on Earth. ̂ '̂̂ ^ 
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The Early Atmosphere, Ocean and Climate 
During the Hadean period, die voladle compounds diat were trapped inside the accreting 

planetesimals were released from the molten rock to form a secondary atmosphere. Any pri
mary atmosphere (if one existed at all) must have been lost, as evidenced by the depletion of 
rare gases in Earth's atmosphere compared to cosmic abundances. ̂ ^ As a consequence of the 
simultaneous formation of Earth's core with accretion, the metallic iron was removed from the 
upper mantle, which would allow the volcanic gases to remain relatively reduced and produce 
a very early atmosphere that contained species such as CH4, NH3 and H2. Since the tempera
ture at the surface was high enough to prevent any water from condensing, the atmosphere 
would have consisted mainly of superheated steam along with these other gases. ̂ ^ However, 
this secondary atmosphere may have been lost several times during large impact events such as 
the one that formed the moon, and would have been replaced by further outgassing from the 
interior and resupply from later impactors. 

It is believed that the impactors during the latter stages of the accretion process have origi
nated from further out in the solar system and would have been comparable in composition to 
comets (see Fig. 1). Comets, whose volatile compounds are the most pristine materials surviv
ing from the formation of the solar system, may have supplied a substantial fraction of the 
volatiles on the terrestrial planets, perhaps including organic compounds that may played a 
role in the origin of life on earth (see below). It has been suggested that the water present 
ciurendy on the Earth was provided entirely from this source. However, recent measurements 
of the deuterium enrichment of water in comets Halley, Hyakutake and Hale-Bopp indicate 
that only a fraction of it was delivered by comets, whereas the largest fraction was trapped 
during the earlier accretionary phase. ̂ ^ The volatiles on comets are more oxidized than the 
ones in asteroids due to their similarity to interstellar ices and their higher water/rock ratio. 

Without going into details on other effects such as ingassing of volatiles and loss of H2 to 
space, it can be assumed that the atmosphere that developed on the Earth over the period 4.4 
to 3.8 Gyr ago (perhaps several times if was erased by large impact events) was basically a mix 
of volatiles delivered by volatile rich impactors such as comets and outgassing from the interior 
of an already differentiated planet. This atmosphere was probably dominated by water steam 
until the surface temperatures dropped to - 100°C (depending on the pressiure), at which point 
water condensed out to form early oceans. The reduced species, which were mainly supplied 
by volcanic outgassing, are very sensitive to UV radiation that penetrated through the atmo
sphere due to the lack of a protective ozone layer. These molecules were probably destroyed by 
photodissociation, although there might have been steady state equilibrium between these two 
processes that allowed a significant amount of these reduced species to be present in the atmo
sphere. Overall, however, the atmosphere was dominated by oxidized species such as CO2, CO 
and N2. A similar atmosphere is present on Venus today, although it is much more dense than 
the atmosphere of the early Earth. 

The climate on the early Earth at this stage depended mainly on two factors: the luminosity 
of the Sun and the radiative properties of the atmosphere. Standard theoretical solar evolution 
models predict that the Sun was about 30 % less luminous than today. ^ If the atmosphere of 
the early Earth was the same as it is now, the entire surface of the planet would have been 
frozen. However, as discussed extensively by Kasting,^ '̂̂ ^ a CO2 rich atmosphere may have 
been present throughout the Hadean and Early Archean period and this would have resulted in 
a significant Greenhouse effect that would have prevented the oceans on the early Earth from 
freezing. Since there were probably no major continents existing during that period of time, 
silicate weathering (the long-term loss process on for CO2 today) would have been low, and 
CO2 would have been primarily contained in the atmosphere and ocean. Even with the as
sumption of a 70% present solar luminosity, a steady-state atmosphere containing -- 10 bars of 
CO2 could have resulted in to a mean surface temperature approaching lOO^C 

In summary, the current models for the early terrestrial atmosphere suggest that it consisted 
of a weakly reducing mixture of CO2, N2, CO, and H2O with lesser amounts of H2, SO2, and 
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Figure 1. Comets, such as this one photographed in 1892 by E. R. Barnard (taken from R. S. Ball, "The 
Story of the Heavens", Cassell and Company LTD, London, Paris, New York, Melbourne, 1900), may have 
supplied the early Earth with some of the reagents (HCN, aldehydes/ketones, etc.) needed for the abiotic 
syntheses as well as some of the organic compounds needed for the origin of life. 

H2S. Reduced gases such as CH4 and NH3 are considered to be nearly absent or present only 
in localized regions near volcanoes or hydrothermal vents. 

There is, however, the possibility that the CO2 concentrations in the early atmosphere were 
not high enough to prevent the formation of an ice-covered ocean."^ If this was the case, the 
thickness of the ice sheet has been estimated to be on the order of 300 m, which would have 
been thin enough to allow melting by an impactor of -- 100 km in diameter. The frequency of 
impacts of such ice-melting bolides has been estimated to be one event every 10^-10^ years 
between about 3.6 and 4.5 Gyr ago, suggesting that there could have been periodic thaw-freeze 
cycles associated with the ice-melting impacts. The precursor compounds imported by the 
impactor or synthesized during the impact, such as HCN, would have been washed into the 
ocean during the thaw period. In addition, CH4, H2, CO and NH3 derived from hydrother
mal vents would have been stored in the unfrozen ocean below the ice layer which protected 
these gases from the tdtraviolet radiation"^^. Following a large impact, the trapped gases would 
have been expelled into the atmosphere where they could have persisted for some time before 
they were destroyed by photochemical reactions. 
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Organic Compounds on the Early Earth 
Today, organic compounds are so pervasive on die Earths surface that it is hard to image the 

Earth devoid of organic material. However, during the period immediately after the Earth first 
formed some 4.5 Gyr ago, there would have been no organic compounds present on its surface. 
This was because soon after accretion, the decay of radioactive elements heated the interior of 
the young Earth to the melting point of rocks. Volcanic eruptions expelled molten rock and 
hot scorching gases out of the juvenile Earth's interior creating a global inferno. In addition, the 
early Earth was also being peppered by mountain-sized planetesimals, the debris left over after 
the accretion of the planets. Massive volcanic convulsions, coupled with the intense bombard
ment from space, generated surface temperatures so hot that the Earth at this point could very 
well have had an "ocean" of molten rock. 

Although temperatures would have slowly decreased as the infall of objects from space and 
the intensity of volcanic eruptions declined, elevated teniperatures likely persisted for a few 
htmdred million years after the formation of the Earth. During this period, temperatures 
would have probably been too hot for organic compounds to survive. Without organic com
pounds, life as we know could not exist. However, by roughly 4 Gyr ago, and perhaps even a lot 
earlier, the Earths surface had cooled to the point that liquid water could exist and global 
oceans began to form.^^ It was during this period that organic compounds would have first 
started to accumulate on the Earths siuface, as long as there were natural pathways by which 
they could be synthesized, or sources from elsewhere that could supply them to the Earth. 

The origin of life of life as we know it on Earth required the presence of liquid water and an 
inventory of prebiotic organic compounds from which could undergo further chemical pro
cessing so that life could emerge. Although it appears that liquid water in the form of large 
oceans was present on the surface of the early Earth, '̂ ^ the source of the required organic 
molecules on the primordial Earth is not clear. 

Sources of Prebiotic Organic Compounds 
Based on our current knowledge of the last common ancestor to all life today, the first 

organisms were probably some sort of heterotroph, which means that not only water and en
ergy sources had to be available, but also a minimal set of organic compounds. In contrast, it 
would have been possible that the first organisms were autotrophic, meaning that they could 
convert CO2 direcdy into the reduced organic molecules they need to live. But heterotrophic 
organisms are much simpler than autotrophic organisms, which require an elaborate array of 
protein biosynthesis reactions and enzymes in order to fix CO2. Therefore, a heterotrophic 
origin of life has been widely accepted, mainly based on insights gained over the last fifty 
years.^^ 

Nearly a century ago, the Russian biochemist Alexander Oparin and the British biochem
ist J. B. S. Haldane proposed a theory that organic compounds could have been synthesized 
on the early Earth when gases in the atmospheric were subjected to some type of energy. In
spired by these ideas, and with the assumption that the atmosphere of the early Earth was 
reducing as proposed by his mentor Harold Urey,̂ ^ Stanley Miller was the first to experimen
tally demonstrate the possible synthesis of organic compounds under prebiotic conditions. 
He constructed an apparatus in which he could simulate the interaction between an atmo
sphere and an ocean (Fig. 2). As an energy source. Miller chose a spark discharge, considered to 
be the second largest energy source, in the form of lightning and coronal discharges, on the 
early Earth after UV radiation. Miller filled the apparatus with various mixtures of methane, 
ammonia and hydrogen as well as water, which was then heated during the experiment. A 
spark discharge between the tungsten electrodes, which simulated lightning and corona dis
charges in the early atmosphere, was produced using a high frequency tesla coil with a voltage 
of 60,000 V. The reaction time was usually a week or so and the maximum pressure 1.5 bars. 
With this experimental setup. Miller was able to transform almost 50% of the original carbon 
(in the form of methane) into organic compounds. Although almost of the synthesized organic 
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Figure 2. A diagram (right) of the original Miller-Urey apparatus showing the various components. A 
photograph of the aaual apparatus is shown on the left (courtesy of Stanley L. Miller). 

material was an insoluble tar-like solid, he was able to isolate amino acids and other simple 
organic compounds from the reaction mixture. Glycine, the simplest amino acid, was pro
duced in 2% yield (based on the original amount of methane carbon), whereas alanine, the 
simplest chiral amino acid, showed a yield of 1%. Miller was able to demonstrate that the 
alanine that was produced was a racemic mixture (equal amounts of D- and L-alanine). This 
provided convincing evidence that the amino acids were produced in the experiment and were 
not biological contaminants somehow introduced into the apparatus. 

The other organic compounds that Miller was able to identify made it possible for him to 
propose a possible reaction pathway for the amino acids. The proposed synthetic mechanism 
had actually been discovered in the mid-19th century by the German chemist A. Strecker. It 
features the reaction of hydrogen cyanide, ammonia and carbonyl compounds (aldehydes or 
ketones) to form cyanohydrins, which would then undergo hydrolysis to form the a-amino 
acids. Depending on the concentration of ammonia in the reaction mixture, varying amounts 
of a-hydroxy acids are produced as well, which is what Miller found, with larger relative amounts 
of hydroxy acids being formed in a reaction mixture containing less ammonia. 

It is important to note that neither purines nor pyrimidines, the nucleobases that are part of 
DNA and RNA, were investigated in the mixtures of the original Miller-Urey experiment. 
However, in experiments carried out soon after Miller's experiment by J. Oro and coworkers, 
the formation of adenine from ammonium cyanide solutions was demonstrated. ̂ '̂̂  Later, it 
could be shown that the abiotic synthesis of purines and other heterocyclic compounds also 
works under the same conditions than the original Miller-Urey experiment, but in much smaller 
yields than the amino acids.^^ In addition, it has been found that guanine can be produced in 
a direct "one-pot" synthesis from the polymerization of ammonium cyanide.^ 

However, as should be clear from the earlier discussion, the atmospheric composition that 
formed the basis of the Miller-Urey experiment is not considered to be plausible by many 
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researchers. Instead, a weakly reducing or neutral atmosphere is to be more in agreement with 
the current model for the early Earth. Although Miller and Urey originally rejected the idea of 
nonreducing conditions for the primitive atmosphere, Miller later carried out experiments 
with CO and CO2 model atmospheres.^^'^ He found that not only were the yields of the 
amino acids reduced, but that glycine was basically the only amino acid synthesized under 
these conditions. He found a trend, which showed that as the atmosphere became less reducing 
and more neutral, the yields of synthesized organic compounds decreased drastically. The pres
ence of methane and ammonia appeared to be especially important for the formation of a 
diverse mixture of amino acids. The main problem in the synthesis of amino acids and other 
biologically relevant organic compounds with nonreducing atmospheres is the formation of 
hydrogen cyanide (HCN), which is an intermediate in the Strecker pathway and an important 
precursor compound for the synthesis of nucleobases.^'^ However, as mentioned earlier, local
ized high concentrations of reduced gases may have existed around volcanic eruptions and in 
these localized environments reagents such as HCN, aldehydes and ketones may have been 
produced, which after washing into the oceans could have become involved in the prebiotic 
synthesis of organic molecules. 

Because of supposed problems associated with the direct Miller-Urey type syntheses on the 
early Earth, a completely different hypothesis for the "home-grown" synthesis of organic com
pounds has been proposed. The hypothesis is based on one of the great oceanographic discov
eries of the 20 century. In February 1977, using the submersible research vessel Alviriy scien
tists from the Woods Hole Oceanographic Institution (WHOI) approached one of the 
volcanically active regions deep off the Galapagos Islands, where water at temperatures of up to 
350 **C was known to be spewing out of geothermal vents. Strong gradients of temperature, 
acidity and chemical composition were found to be present at the vent/seawater interface. The 
big surprise came when the crew of the Alvin detected rich and complex communities of ani
mals around the dark, chimney-like openings of the vents. From the analysis of samples brought 
back from these vents, it has shown that bacteria which oxidize the H2S that spews from the 
vents form the low end of the food chain for these communities. These miniature deep-sea 
ecosystems are, however, not completely independent from solar radiation, since the chemo-
synthetic energy that the bacteria at these modern sites use to oxidize the sulfiir-compounds 
comes from molecular oxygen (O2), which was produced by photosynthesis at the ocean surface. 

A group of researchers, known colloquially as Ventists', believe that the remarkable proper
ties of the hydrothermal vent environments, particularly their protection from the harsh condi
tions caused by large impact events, might have played an important role in the origin of life. 
Since it is thought by some that the last common ancestoral organism of all extant life on Earth 
was a thermophile, several researchers have proposed the hypothesis that the organic com
pounds necessary for the origin of life were actually synthesized under vent conditions. For 
example. Shock and coworkers have calculated that thermodynamic-based equilibria favors the 
formation of compounds such as amino acids at hydrothermal vent temperatures,^^ especially 
in vents associated with off-axis systems. However, at elevated temperatures associated with 
vent discharges, amino acids and other biomolecules have been found to rapidly decompose. ' 
For example, amino acids are destroyed in time scales of minutes. The rate of hydrolysis for 
RNA at pH 7 extrapolated to elevated temperatures gives a half-life of 2 min at 250 ^C for the 
hydrolysis of every phosphodiester bond; at 350 °C the half-life is 4 s. For DNA, the half-lives 
for depurination of each nucleotide at pH 7 are nearly the same as the hydrolysis rates for 
RNA. ^ It has been pointed out by Lazcano that if the origin of life was sufFiciendy long, all the 
complex organic compounds in the ocean, whether derived from hown-grown synthesis or 
from exogenous delivery, would be destroyed by passage through the hydrothermal vents. It 
thus appears that hydrothermal vents are much more effective in regulating the concentration 
of critical organic molecules in the oceans rather than playing a significant role in their direct 
synthesis. 
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Prebiotic Organic Compounds from Space 
Because of the difficulties discussed in the previous seaions with the concept of "home-grown" 

synthesis of amino acids and nucleobases as a major source of these compounds for the origin 
of Ufe, other hypotheses about the origin of these compounds were developed. In the early 
1990s, Chyba and Sagan proposed that the exogenous delivery of organic matter by asteroids, 
comets and interplanetary dust particles (IDPs) could have played a significant role in seeding 
the early Earth with the compounds necessary for the origin of life. They drew this conclu
sion from the knowledge about the organic composition of meteorites. It is important to note 
that, if this concept is valid, impacts on the early Earth not only created devastating conditions 
which made it difficult for life to originate, but at the same time perhaps delivered the raw 
material necessary for setting the stage for the origin of life. In an even wider view, this hypoth
esis could have profound implications on the abundance of life in the universe. The origin of 
the essential organic compounds needed for the origin of life is not constrained by the condi
tions on a particular planet. But rather organic compound synthesis is a ubiquitous process 
that takes place on primitive planetary bodies such as asteroids and comets. The possibility for 
the origin of life is thus considerably increased, provided the essential organic compounds are 
delivered intact to a planet that is suitable for further chemical evolution. 

Carbonaceous chondrites, a class of stony meteorites, are considered to be the most primi
tive objects in the solar system in terms of their elemental composition, yet they feature a high 
abundance of carbon, more than 3 weight-% in some cases. The most extensively analyzed 
meteorites for organic compounds include the CMs Murchison (fell in 1969 in Victoria, Aus
tralia) and Murray (1950, Kentucky, USA) and the CI Orgueil (1864, France). The carbon 
phase is dominated by an insoluble fraction, with the rest being soluble compounds (Table 1). 
PAHs make up the majority (up to 80%) of the of the soluble organic matter, followed by the 
carboxylic acids, the fuUerenes and amino acids, which are about an order of magnitude less 
abundant. Other important compounds in context with the origin of life are the nucleobases. 
The purines adenine, guanine, xanthine and hypoxanthine have been detected as well as the 
pyrimidine uracil in concentrations of 200 to 500 parts per billion (ppb) in the CM chondrites 
Murchison and Murray and in the CI chondrite Orgueil."^ '̂̂ ^ In addition, a variety of other 
nitrogen-heterocyclic compounds including pyridines, quinolines and isoquinolines were also 
identified in the Miu-chison meteorite. ̂ ^ 

More recendy, it was found the CI type meteorites such as Orgueil contain a distinct amino 
acid composition in comparison to the CMs.^^ The simple amino acid mixture, consisting of 
just glycine and P-alanine, found in CI carbonaceous chondrites is interesting in the sense that 
it has been generally thought that a wide variety of amino acids were required for the origin of 
life. However, among the candidates for the first genetic material is peptide nucleic acid (PNA), 
a nucleic acid analogue in which the backbone does not contain sugar or phosphate moi
eties.^ ̂ '̂ ^ For the PNA backbone, achiral amino acids such as glycine and P-alanine, possibly 
delivered by CI type carbonaceous chondrites to the early Earth, may have been the only 
amino acids needed for the origin of life. 

The Prebiotic Soup and the First Living Entities 
The organic material on the early Earth before life existed, regardless of its source, would 

have likely consisted of an wide array of different types of compounds, including amino acids, 
nucleobases, fatty acids, aromatic and heteroaromatic hydrocarbons among others. How these 
abiotic organic constituents on the prebiotic Earth were assembled into the first living entities 
is highly contentious. In modern biological systems, these compounds are part of oligomeric or 
polymeric molecular structures needed for catalysis and replication, so simple abiotic com
pounds were only the starting points for the chemical evolution that followed. For example, 
amino acids are the monomeric building blocks for proteins and enzymes, the structural and 
catalytic units without which life as we know it can not exist. Also, DNA and RNA, the mol
ecules that encode and transcribe the genetic information in all terrestrial organisms, are com-
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Table 1. Abundances of soluble organic compounds found in meteorites. Amino 
acids concentrations have been determined for several CI and CM 
chondrites. All other data are for the CM chondrite Murchison (except 
those for the polycyclic aromatic hydrocarbons and the fullerenes, which 
are from YamatO'791198 and Allende, respectively). Taken from ref. 45. 

Compound Class Concentration (ppm) 

Amino Acids 
CM meteorites 17-60 
CI meteorites ~ 5 

Aliphatic hydrocarbons > 35 
Aromatic hydrocarbons 3300 
Fullerenes >100 
Carboxylic acids > 300 
Hydroxycarboxylic acids 15 
Dicarboxylic acids & Hydroxydicarboxylic acids 14 
Purines & Pyrimidines 1.3 
Basic N-heterocycles 7 
Amines 8 
Amides linear > 70 

cyclic > 2 
Alcohols 11 
Aldehydes & Ketones 27 
Sulphonic acids 70 
Phosphonic acids 2 

prised by mononucleotides, which contain nucleobases such as adenine, guanine, thymine, 
cytosine, and uracil, attached to a sugar-phosphate backbone. The most widely accepted sce
nario for the transition from abiotic to biotic chemistry is that the simple monomeric com
pounds present in the prebiotic soup somehow underwent polymerization, perhaps with the 
assistance of clays and minerals, and formed longer and longer chains or polymers which over 
time became increasingly more complex with respect to both their structures and properties. 
Eventually, some of these polymers acquired the capacity to replicate, one of the fundamental 
and most important properties of living organisms. 

What the first molecular self-replicating entity consisted of and how replication was accom
plished is not known, but several suggestions have recendy been made. The most Ukely candi
dates are nucleic acid analogs of DNA and RNA such as PNA. Stanley Miller and coworkers 
have found that the building blocks of PNA molecules, the nucleobase derivatives adenine-
and guanine-N^-acetic acid and uracil- and cytosine-N^-acetic acid as well as and 
N-(2-aminoethyl)glycine (AEG), the molecule that makes up the PNA backbone, can be syn
thesized under likely prebiotic conditions and, under favorable conditions, could have been 
major constituents of the primitive milieu.̂ "^ Still to be worked out are mechanisms for the 
polymerization of the monomers, but preliminary results indicate that AEG oligomerizes more 
efficiently at 100 '̂C than mixture of a-amino acids at higher temperatures. However, even 
with PNA-like genetic informational molecules stability may be a problem. This could be 
overcome because the stability is highly sequence-dependent and the breakdown may be pardy 
alleviated by blocking or acetylating the N-terminus.^^ However, other possibilities need to be 
considered because there may be other backbones and bases that were more abundant and 
more efficient for early biotic replication. 
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Life as We Do Not Know It: Nonheterotrophic Hypotheses for the 
Origin of Life 

There is a more radical hypothesis which has been proposed diat discards the whole idea of 
a primordial soup. This *metabolic-life" hypothesis, promoted primarily by Giinter 
Wachtershauser and coworkers in Germany, claims that life at the time of origin consisted of 
nothing more than a sequential series of chemical reactions that are catalyzed on mineral sur
faces.̂  According to this theory, the first living systems on Earth were based a type of au
totrophic metabolism of low-molecular weight constituents such as CO and CO2 which are 
converted into biologically relevant compounds such as pyruvate at high temperature (100-250 
°C)/high-pressure (0.2 - 200 MPa) vent-type conditions. The metabolism theory claims that 
life, at least in its beginnings, was nothing more than a continuous chain of mineral 
surface-associated self-sustaining chemical reactions with no requirement for genetic informa
tion. A primitive type of reductive citric acid cycle is often cited as a model. There is some 
experimental support for the hypothesis, although the conditions for the various individual 
reaction steps are very 

difFerent,55,56 ^ j 
it remains to be established if the conditions used in 

these laboratory experiments are geophysically plausible and are therefore relevant to the origin 
of life. Of the various metabolic reaction schemes that have been proposed and investigated 
none have been demonstrated to be autocatalytic, nor are there any empirical indications that 
this indeed is even possible in a prebiotic context. 

Whether a set of self-sustaining set of purely chemical reactions really constitutes a system 
that can be considered alive is debatable. Nevertheless, if self-sustaining reaction chains did 
arise on the early Earth, they could have played an important role in enriching the prebiotic 
soup in some molecules that were perhaps not readily synthesized by other abiotic reactions or 
derived from space. In this context, the metabolism theory can be viewed as simply a compo
nent of the prebiotic soup theory. But, regardless of its initial complexity, self-maintaining 
chemical-based metabolic life could not have evolved in the absence of a genetic replicating 
mechanism insuring the maintenance, stability, and diversification of its components. In the 
absence of any hereditary mechanisms, autotrophic reaction chains would have come and gone 
without leaving any direct descendants able to resurrect the process. Life as we know it consists 
of both chemistry and information. If metabolic life ever did exist on the early Earth, to con
vert it to life as we know it would have required the emergence of some type of information 
system imder conditions that are favorable for the survival and maintenance of genetic infor
mational molecules.^^ 

Finally, in an even more radical theoretical hypothesis, it has been suggested that the origin 
of life did not occur on the surface of the Earth, but inside the crust. This "subterranean 
model" is based on the idea that there exists a biosphere that feeds off abiogenic hydrocarbons 
(petroleum) formed deep inside the Earth. ̂ ^ These supposed subterranean organisms are com
pletely independent of photosynthesis. It is assumed that the habitability of the subsurface is 
enhanced in comparison to the surface, particularly diying the early Archean. Therefore, it is 
concluded that there is a higher probability for the origin of life to occur in the deep subsurface 
and life then made its way to the surface when the surface became habitable after the end of the 
heavy bombardment. There are many fatal flaws in this hypothesis. For one, there is no evi
dence that abiotic hydrocarbons are formed deep within the Earth. In addition, according to 
the current view on the formation of the Earth which was discussed earlier, no primordial 
hydrocarbons would have survived the accretion process of the Earth (or any other planet) 
since the temperatures reached during accretion were high enough to decompose any reduced 
carbon compound in a short period of time. 
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Conclusions 
The early history of the Earth, the first 100 Myr or so, was dominated by the hot accretion 

of the planet followed by a relatively rapid cooling. There is evidence for the presence of liquid 
water on the surface at 4.4 Gyr ago. The proto-atmosphere, if it existed at all, was probably 
reduced, but it was removed from the planet early on by large impact events. The first "real" 
atmosphere was produced by outgassing from the crust, and was dominated by oxidized gases 
such as CO2, CO and N2 with lesser amounts of H2 and CH4. Only trace amounts of oxygen 
were present. In such an atmosphere, organic compounds, and amino acids in particular, with 
spark discharge as an energy source ("Miller-Urey-type") are not produced. The influx of 
extraterrestrial organic compounds delivered by comets, asteroids, meteorites and IDPs may 
have been a major source of the compounds necessary for a heterotrophic origin of life on 
Earth. These compounds, perhaps in combination with other chemical products on the early 
Earth, may have been interacted on mineral surfaces in drying lagoons or other appropriate 
locations on a tiu"bulent and chaotic surface to form more and more complex compounds. 
Eventually, through the process of chemical evolution, some of the compounds that developed 
the capability for catalytic activity and/or information storage (replication) became dominant. 
This scenario is a logical, but still a highly speculative pathway about the beginning of the first 
living entities, and there are still big gaps between the various stages that need to be filled. The 
following chapters address some of these remaining questions, such as the formation of the first 
nucleic acids and the role of replicating polypeptides in this scenario. 
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