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The fundamental properties of life were determined when 
life first arose and evolved into the common ancestor to the 
contemporary organisms. Thus in order to understand the chemi
cal basis of life, it seems essential to solve the prebiotic 
process and early history of life. Unfortunately only little 
has been settled so far. Prebiotic organic synthesis is still 
one of the important, unsolved problems. The primitive at
mosphere would be more oxidized one than methane-ammonia
hydrogen used in the classical Urey-Miller experiment. We 
found that proton irradiation, the most abundant energy source 
in the vicinity around the Earth, is effective for abiotic 
organic synthesis from mildly oxidized gas mixtures. 

One of the recent progress in the field of Molecular 
Evolution is construction of a molecular phylogenetic tree with 
the root. According to the tree, the closest organisms to the 
primitive life are hyperthermophiles. The results suggest that 
the common ancestor, from which three kingdoms of the contempo
rary organisms diverged, was a hyperthermophile and the pro
teins at the beginning were extremely robust to heat. 

1 Origins of Life 
Origins of life is an 

attractive and important 
subject. But little has been 
settled so far. It is gener
ally believed that life 
originated spontaneously in 
the process of chemical 
evolution in the primitive 
ocean about 4 billion years 
ago. Many theories have been 
proposed to explain how life 
started from the primordial 
soup, but every theory con
tains controversial points. 

Life can be regarded as 
an evolving chemical machine 
consisting of two basic 
functions; replication and 

metabolism. von Neumann 
pointed out first time that a 
self-replicating machine 
should consist of two essen
tial components; a program or 
software and a machine to 
operate the program or hard
ware. Nucleic acid (RNA or 
DNA) is software of life, and 
protein is hardware of life. 

In the contemporary 
organisms, replication and 
energy metabolism are linked 
intricately, but they are 
logically separable. Thus 
origin of life is another 
chicken-and-egg problem. 
Most of the theories can be 
classified into three groups; 
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theories of nucleic acid
based primitive life, pro
tein-based life, or theories 
based on the rare event that 
the two components were 
assembled together by an ac
cident. Recent popular 
theory is RNA origin of life. 

RNA has long been 
thought to be only a carrier 
of genetic information, but 
the discovery of catalytic 
functions of RNA (ribozymes) 
(1), that is, some RNA mol
ecules act as catalyses, 
changed our image of roles of 
RNA in chemical evolution. A 
possibility has been proposed 
that life started from a 
primitive cell based on 
RNA(2,3). 

The concept of RNA world 
is popular today, but I wish 
to emphasize the fact that 
RNA, in comparison with 
polypeptides, is rather 
difficult compound to synthe
size abiotically under primi
tive Earth conditions. 
Firstly, many simulated 
primitive Earth experiments 
indicated that nucleic acid 
bases and ribose, the compon
ents of RNA, are produced 
only in a small quantity 
compared to amino acids which 
are major products in these 
experiments(4). 

Secondly, ribose con
tains so many reactive hy
droxy groups and linkage 
specificity causes difficult 
problems. Yield of nucleo
tides with correct structures 
is very low if bases, ribose, 
and phosphate are mixed and 
heated in the absence of 

enzymes. Only a small amount 
of nucleosides or nucleotides 
with proper linkage specific
ities was produced in such 
primitive Earth experiments. 
In contrast, amino acids such 
as glycine, alanine, valine, 
phenylalanine, and so on 
contain no reactive group in 
their side chains, thus 
protein-like polymers with 
alpha peptide bonds are major 
products when amino acids 
react in the presence of 
suitable condensing agents. 

Especially if the primi
tive ocean was hot due to the 
green house effect of a large 
amount of carbon dioxide in 
the primitive atmosphere, RNA 
molecules could not last for 
a long time because chemical 
linkages in RNA are more heat 
labile than a peptide bond 
is, and phosphodiester bonds 
could be hydrolyzed within a 
short period. 

Thus I wish to stress 
that RNA-world is not the 
unequivocal answer for the 
origin of life. Likewise 
almost every aspect of the 
study of origins of life has 
not been completely solved 
yet. In this presentation, I 
will report two recent re
sults of our studies on 
origins of life. 

2 Prebiological Synthesis of 
Organic Compounds 

Origins of life can be 
experimentally studied by two 
different types of approach; 
one is to trace the history 
from the beginning, and the 
other is to trace back from 



the present to the past. 

A large number of ex
periments have been performed 
since the famous Miller-Urey 
experiment in the early 
50's(5) to prove how mol
ecules of biological interest 
such as amino acids were 
formed and accumulated on the 
primitive Earth. It has been 
reported that almost every 
member of basic molecules of 
life such as amino acids, 
nucleic acid bases, sugars, 
organic acids, hydrocarbons, 
and porphyrins can be pro
duced from a mixture of 
methane, ammonia, hydrogen, 
and water under the simulated 
primordial Earth conditions. 
Even the formations of poly
peptides and cell-like struc
tures have been reported by 
many investigators. 

However, unsolved prob
lems still exist in this very 
first step of chemical evolu
tion. Recent geochemical 
studies suggested that the 
primitive atmosphere would 
not have been strongly re
duced gas mixture, but more 
oxidized one due to high heat 
produced by high-velocity 
impacts of planetesimals onto 
a growing Earth(6). It has 
been shown that only a small 
amount of amino acids was 
formed in the electric dis
charge experiments using 
oxidized or mildly oxidized 
gas mixture(4). 

In collaboration with 
Dr. K. Kobayashi of Yokohama 
National University, we 
studied the effects of proton 
irradiation on the abiotic 
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organic synthesis using a 
mildly oxidized mixture 
consisting of carbon monox
ide, nitrogen, and water. 
High energy protons are the 
major components of cosmic 
rays and solar flare parti
cles. 

The mildly oxidized gas 
mixture was irradiated with 
high energy protons (2.8-4.0 
MeV, 10-600 nA) generated 
from a Van deGraff accelera
tor in our University for 2 
hours at 25°c. 

After the irradiation, 
the products were analyzed 
for amino acid or nucleic 
acid base. For amino acid 
analysis, the products were 
treated with 6N HCl at 105°C 
for one day. Amino acids 
were identified using LI-MS 
(liquid ionization mass 
spectrometry). For nucleic 
acid bases, the products were 
separated with a reversed
phase column chromatography 
and then a cation exchange 
HPLC. 

Several amino acids were 
identified and quantitatively 
analyzed(7,8). In an experi
ment, about 6 micro moles of 
glycine were formed with G
value of 0.017 (a number of 
glycine molecules formed with 
energy deposit of 100 eV). 
Other amino acids identified 
were alanine, aspartic acid, 
serine, threonine, glutamic 
acid, alpha-aminobutyric 
acid, and beta-alanine. 

Among bases, uracil and 
dihydrouracil were identified 
in the products by proton 
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Fig. 1. A phylogenetic tree drown from rRNA sequences (from 
Ref. 11). 

irradiation of a co-N2-H2o 
rnixture(9). Imidazole was 
also identified by LI-MS. 

The present study indi
cates that amino acids and 
nucleic acid bases could have 
been abiotically synthesized 
on the primitive Earth even 
if the atmosphere was not a 
strongly reduced one. The 
results also suggest that 
biologically related corn
pounds present in meteorites 
could be formed by proton 
irradiations since protons 
are the major energy source, 
and carbon monoxide, nitro
gen, and water molecules 
exist commonly in the inner 
region of the solar system. 

3 Phylogenetic Tree with the 
Root 

The second approach is 
to retrace biochemical evolu
tion and to speculate on the 
biochemistry of the primitive 
life. In this field, one of 

the latest topics is discov
ery of archaebacteria. A 
kingdom called Archaebacteria 
was proposed as the third 
group of life by Woese and 
Fox(10) based on sequence 
analysis of a ribosomal RNA. 
They proposed that life can 
be divided into three major 
domains; eubacteria, archae
bacteria, and eukaryotes (or 
Bacteria, Archaea, and Eukar
ya). 

Fig. 1 shows a molecular 
phylogenetic tree calculated 
from ribosomal RNA sequences 
by Woese and Olsen(11). In 
this figure, the length of a 
line indicates relatedness 
between two organisms. As 
suggested from the tree, 
biochemistry of archaebacter
ia is clearly distinguished 
from those of eubacteria and 
eukaryotes. However, this 
tree has no root. The posi
tion of the common ancestor 
is not clear in this molecu
lar tree. 
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Fig. 2. A rooted tree. Hyperthermophiles are the closest 
organisms to the common ancestor. Organisms indicated by 
circles in the figure are hyperthermophiles. 

Quite recently the root 
of the tree was placed by two 
research groups independently 
based on sequence homology of 
twin proteins such as ATPase 
alpha and beta subunits, and 
elongation factors Tu and 
G(12,13). Fig. 2 shows the 
rooted tree. The root was 
placed between eubacteria and 
archaebacteria. The tree 
supports the archaebacterial 
origin of eukaryote cytoplasm 
as suggested from sequence 
homology of ATPases(14). 

Eubacteria Eucaryotes Archaebacteria 

Common Ancestor 

Origin of Life 

Mitochondria and chloro
plast of eukaryotes are 
derived from invasions of 
eubacteria into the primitive 
eukaryote cells. Similar 
endosymbiotic invasions and 
gene transfer from archaebac
teria into the primitive 
eukaryote cells could have 
taken place repeatedly in the 
early history of life as 
suggested by Hartman(15). 
Thus contemporary eukaryote 
cells can be regarded as 
hybrids or mosaic of eubac 
teria and archaebacteria 
(Fig. 3). For instance, 

Fig. 3. A phylogenetic tree 
of new dichotomy. 
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membrane bound ATP synthesiz
ing ATPase in eukaryote 
mitochondria might come from 
the eubacterial ATPase, and 
ATPases on vacuola and lyso
some membranes of eukaryote 
cytoplasm might originated 
from the archaebacterial 
enzyme(14). 

In a sense, the primi
tive organism began to di
verge into two groups, eubac
terial and archaebacterial 
lineages. We proposed to 
name the common ancestor as 
the "commonote" (Yamagishi 
and Oshima, submitted). The 
most important event of the 
history of life on our planet 
could be the divergence of 
the commonote into these two 
lineages. Eukaryote cells 
were assembled by mixing 
these two bacterial cell 
components. 

The biochemistry of the 
commonote can be speculated 
from the comparison of bio
chemistry of eubacteria and 
archaebacteria. If a common 
biochemistry is found, this 
would have been the biochem
istry of the commonote. If 
biochemical properties of 
eubacteria and archaebacteria 
are different, then the 
simpler or less efficient one 
would have been shared with 
the commonote. 

Proteins at the Beginning 
The rooted tree indi

cates that the deepest branch 
is either eubacterial (Ther
motoga) or archaebacterial 
(Acidianus, Desulfurolobus or 
Sulfolobus) hyperthermophiles 

(Fig. 2). Hyperthermophiles 
are organisms capable of 
growing at 90°c or higher 
temperature(16). It is most 
likely that the commonote was 
a hyperthermophile and lived 
in hot environment. 

The growth temperature 
of these organisms is in a 
range of 90-110°c. Thus the 
growth temperature of the 
commonote might have been 
around 100°c. This consider
ation is in good agreement 
with the latest hypothesis on 
the surface temperature of 
the primitive Earth; the 
major atmospheric component 
was carbon dioxide and the 
surface temperature was much 
higher than that today due to 
green house effect. 

Proteins from the hyper
thermophiles or extreme 
thermophiles are unusually 
stable to heat. In some 
cases, enzyme activity re
mained after heating at 
100°c. These findings sug
gest that proteins in the 
commonote were extremely 
resistant to heat. 

It has been shown that 
only a small fraction of 
hyperthermophiles inhabiting 
in hydrothermal environments 
has been isolated and charac
terized in laboratories so 
far(17). So that it seems to 
be necessary to isolate as 
many hyperthermophiles as 
possible from hot springs, 
hydrothermal vents, or under 
the sea volcanoes in order to 
identify the most primitive 
life on this planet. 



So far many unusually 
stable enzyme proteins from 
thermophiles have been exten
sively studied(18,19). 
However, the secret for the 
unusual stability has not 
been uncovered fully. No 
remarkable change has been 
found in their primary se
quences and three dimensional 
structures. It is generally 
accepted that only subtle 
changes in amino acid se
quence and in side chain 
conformation are responsible 
for the increased stability 
of the thermophile proteins. 

For instance, increment 
of hydrophobic interaction at 
the subunit-subunit interface 
of a thermophile enzyme 
confers at least a part of 
the unusual stability to 
heat(20). Catalytic func
tions remained generally 
unchanged throughout the 
adaptation to high heat. It 
seems that the change in 
structure which is necessary 
for making the thermophile 
protein heat stable, did not 
affect the function. Cataly
tic properties of thermophile 
enzymes are often similar to 
those of the mesophile coun
terparts. It can be specu
lated that proteins in the 
commonote might consist of 
the same 20 amino acids as 
the contemporary proteins and 
their structures were similar 
to those of the contemporary 
enzymes, but extremely stable 
to heat. 

Proteins known to most 
of biochemists today could be 
deteriorated mutants of the 
stable primitive proteins. 
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Many mutations which did not 
change the catalytic func
tions, but are harmful for 
the stability at high temper
ature extreme, might be 
accumulated during 4 billion 
years history of evolution. 
such mutations were neutral 
and could be fixed acciden
tally after most of carbon 
dioxide in the primordial 
atmosphere had disappeared 
and the surface temperature 
of the Earth had been cooled 
down to the present level. 

Structure-stability 
relationship of RNA molecules 
of hyperthermophiles would be 
another interesting subject 
in connection with the primi
tive RNA or RNA-origin of 
life. Chemical structures of 
tRNAs from hyperthermophiles 
have been investigated and it 
has been reported that the 
modifications are responsible 
for the stability of the 
molecules at the high temper
ature extremes(21). No 
ribozyme activity has been 
reported for hyperther
mophiles. 
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