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1. Introduction

1.1. Why are nucleic acids and peptides so important for the emergence of life-like systems?

Question how life originated on the primitive earth is still a frontier of science. Nowadays,
primitive life-like system is mostly considered to have emerged by chemical evolution on the
Earth although some scientists are evaluating the possibility of panspermia hypothesis [1-3].
External and internal energies from the earth, such as cosmic rays, ultra violet radiation,
meteorite impacts, volcanic eruption, submarine hydrothermal vent system, etc. resulted in
organic molecules from inorganic materials, such as primitive atmospheric gas, minerals,
materials solved in the ocean. Organic molecules were polymerized and finally resulted in
several biological functions. Complex mixtures of the organic molecules should have evolved
to primitive life-like systems. By the Miller-Urey experiment at 1953, a scenario from simple
molecules to organic molecules in a simulated primitive atmosphere – ocean system was
evaluated for the first time [4]. After the Miller-Urey experiment, the origin of life problem
became as a scientific subject and a number of simulation experiments were carried out to
elucidate how life-like system was originated on this planet [5-7].

The knowledge regarding the primitive environments of the Earth and surrounding universe
in relation to chemical evolution has been accumulated as well as the simulation experiments.
For instance, an environment, which was assumed at the time of the Miller-Urey experiment,
is not already acceptable nowadays although it does not mean that the Miller-Urey experiment
was devalued; the knowledge on the primitive earth has continuously accumulated to improve
the reliability of simulation experiments. The primitive earth environments are difficult to
estimate since the evidences regarding oldest rocks and fossil organisms are merely capable
to trace back to near 3.9 billion years ago, where almost oldest evidence of life-like system has
been obtained [8, 9], although the best current evidences are closer to 3.5 billion years ago [10].

© 2014 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



DNA, RNA, and proteins are realized as most important biological materials, which play
central roles in the present life-like systems. These molecules possess a number of functions,
such as genetic information storage, transcription and translation of genetic information,
enzymatic activities, which are based on their unique three-dimensional structures of oligo-
and polynucleotides and proteins. A certain length of polymerized nucleic acid and peptide
chains is the essential to display systemized biological functions although small molecules also
play important roles in living organisms. Thus, the formation and accumulation of a certain
length of polymers of nucleic acids and peptides are essential process toward the emergence
of life-like system.

Metabolism, amplification (replication), and evolution are generally considered as essential
requisites, for which a life-like system is regarded as alive [11]. The requisites are strongly
related to a train of machinery, which maintains the genetic coding and translation system in
cell consisting of DNA, RNA, and proteins as shown in Figure. 1. It was generally considered
that the phenotype molecules of cell-type of organism are proteins while the genotype
molecules are DNA molecules until the discovery of ribozymes. The function of DNA is storage
of genetic information. A DNA sequence is copied to mRNA and translated to amino acid
sequence of polypeptide on ribosome using tRNA (Figure 1 left). The peptide becomes a
protein by final processing and folding of three-dimensional structure. In the modern organ‐
isms, DNA is regarded as blueprint and protein is regarded as building block created on the
basis of the blueprint. The information flow from DNA and protein is universal in all the
present organisms [12]. On the other hand, one of the important functions of proteins is
enzymatic function. It is considered that protein enzymes control the formation of other
biologically important molecules, such as sugar, lipid, vitamin, coenzyme; these functional
molecules are constructed indirectly by the catalytic actions of protein enzymes. In addition,
protein enzymes maintain the several reactions regarding the DNA replication, the RNA
formation, and the protein metabolism itself.

 

Figure 1. Information flow in the present organisms (left) and in an RNA-based life-like system (right)

A schematic pathway for chemical evolution of RNA and protein-like molecules is illustrated
in Figure 2. According to the modern functions of RNA and proteins, it is assumed that proteins
could not have possessed capability for storage of information during the chemical evolution
in contrast to RNA molecules. However, the interactions between RNA and protein-like
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molecules would have facilitated chemical evolution each other. Such cooperative chemical
evolution would have resulted in an RNA – protein world after the RNA world system.

Here, the term “protein” and ”peptide” should be reconsidered in the present chapter.
Normally, a protein is ambiguously defined just as a very long peptide, which has a biochem‐
ical function. On the other hand, peptides are frequently regarded as just smaller molecules
than proteins. However, an important characteristic from the viewpoint of the origin of life,
that is, the fact that proteins are synthesized on the basis of genetic translation system in cell
should be pointed out. So, if a primitive long peptide were synthesized on the basis of genetic
information, which might be constructed from RNA molecules, the long peptide is regarded
as a protein. Thus, the assignment method must be elucidated simultaneously during the
evaluation of the origin of protein. Thus, in the present chapter the term “a protein” is defined
as a certain length of peptide molecule, which is created using an assignment method in a life-
like system. Thus, the term “abiotic-peptide” or “protein-like” will be used as describing
oligomerized molecules made from amino acids including peptide bonding. On the other
hand, the length of abiotic-peptides, which could have gained biological functions would be
also important to consider the oligomerization of amino acids. Biological functions of proteins
and peptides are based on the three-dimensional structures. Thus, a minimum length of
oligopeptides would be regarded as a candidate functional molecule. The minimum length of
a peptide possessing a biological function might be down to 10-mer oligopeptides since a 10-
mer peptide could form a rigid three-dimensional structure [13].

Conclusively, DNA, RNA, and proteins are regarded as most important molecules, which play
important roles regarding the genetic information flow. Then, the origin of the genetic
information is important issue in relation to the origin of life. The relationship between DNA

Figure 2. Chemical evolution of RNA and protein-like molecules towards RNA-protein world
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and protein has been an issue for many years, which is so-called as “egg and chicken problem”.
DNA replication, the transformation of DNA to RNA, the translation to proteins are main‐
tained by protein enzymes and the genetic information of such proteins is coded in DNA
sequences. Thus, the relationship between DNA and protein resembles the relationship
between egg and chicken. However, discovery of RNA enzyme [14], that is ribozyme, sug‐
gested that RNA molecules should have played a central role in ancient life-like systems, where
RNA preserves genetic information, but also enzymatic functions. This is so-called the RNA
world hypothesis [15-17] and extensively investigated for the last 2 decays. The genetic
information flow in an RNA-based life-like system is shown in Figure 1 (right). RNA molecules
play both the functions, that are, storage of genetic information and expression of enzymatic
activities. Evidences, such as, important functions of mRNA, tRNA, rRNA during the trans‐
lation of DNA to protein, the enzymatic functions of ribozymes, the role of ATP as high energy
phosphate, the roles of coenzyme possessing nucleotide moieties, support the RNA world
hypothesis. Nowadays, it is understood that the DNA sequences as genotype molecules are
assigned to the amino acid sequences and RNA sequences as phenotype molecules in cell. The
presence of an assignment method between genotype and phenotype is added as an important
requisite for life-like system [18, 19]. In an RNA based life-like system, RNA molecules should
have played both the roles of genotype and phenotype.

2. Difficulties of dehydration in aqueous solution

Both the formations of nucleic acids and proteins in vivo are the dehydration process in aqueous
medium. In other words, the hydrolytic degradation of both nucleic acids and proteins
spontaneously proceeds in aqueous medium from the thermodynamic viewpoint. Thus, the
formation of these biopolymers is not advantageous from the viewpoint of thermodynamics
unless using a condensation reagent and/or an activation technique of monomer. In the present
organisms, triphosphate nucleotide monomers are primarily used to form nucleic acids as
monomer unit, and the activated amino acids by forming aminoacyl-tRNA (Figure 3) are
adopted to form peptide bonding on ribosome. Similarly, the dehydration using condensation
agent and/or activation of the monomers in organic solvent are a standard strategy for the
organic chemical synthesis of nucleic acids and proteins.

On the other hand, RNA oligomerization proceeds by RNA polymerases on a DNA template
from nucleotide 5’-triphosphates (Figure 4), which are the activated nucleotide monomers in
vivo. A polypeptide forms on a ribosome in the presence of mRNA molecules and aminoacyl-
tRNA molecules, which are formed from amino acids and tRNA molecules by aminoacyl tRNA
synthetase molecules. On the other hand, modern DNA templates, ribosomes, and enzymes
were not present on the primitive earth. Thus, the processes of RNA formation without these
organic materials should be identified to clarify the origin of primitive life-like system.

Furthermore, an important factor should be pointed out for the investigation of prebiotic
oligomerization; life-like system is a thermodynamically open system, of which energy and
materials inflow and outflow from and to the environment. Thus, the formation of dissipative
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structures could be formed in an open system, which could not be formed under the equili‐
brium state. Thus, it should be considered that oligonucleotides and abiotic-peptides could
have accumulated under conditions, which are far from equilibrium conditions.

Figure 3. Activation of amino acid in aminoacyl-tRNA

Figure 4. Structures of nucleoside 5’-triphosphate
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3. Primitive earth environments: So extreme as comparing to the present
earth environments

The time that a most primitive life emerged on the primitive earth is considered between from
4.6 to 3.9 billion years ago; the earth formed 4.6 billion years ago and the oldest evidence in
3.8 billion year old rock has been pointed out [8]. Thus, since physical evidences between 4.6
– 3.9 billion years ago are hardly obtained the theoretical estimation on the basis of astrophysics
and earth science regarding the environments of the earth between 4.6 – 3.9 billion years ago
has been carried out. At the early stage of the earth, the surface of the earth is covered with
magma-ocean. Presumably, a large number of giant meteorite impacts, celestial bodies, and
planetesimals attacked the primitive earth until 3.8 billion years ago [20]. Thus, the giant
meteorite impact could have evaporated totally the water of the ocean while the ocean would
have formed until 4.2 billion years ago [21, 22]; life-like system, which might have emerged
before 3.8 years ago, could have been destroyed under such extreme conditions. Furthermore,
the moon was much closer than today which caused strong tidal actions. These factors should
have strongly affected the surface temperature of the earth. On the other hand, some scientists
assumed that the primitive earth was frozen since the solar luminosity was relatively less than
at present [23, 24]. Thus, the temperature of the primitive ocean, in which life originated,
remains speculative [25-27] although the temperature would have been higher than the
present.

At the same time, it should be also considered that the ancient environments of the earth should
be heterogeneous as the present environments are. It would be more difficult to elucidate the
local heterogeneity of the ancient environments because of the limitation by theoretical
estimation. The presence of the ocean would suggest the presence of mantle convection on the
ancient earth before 4.2 billion years ago [28] so that hydrothermal vent systems would have
been present in the primitive ocean. In addition, it should be considered that large continents
were not formed on the primitive earth. On the other hand, the primitive atmospheric
conditions should be taken into account since the primitive atmosphere is nowadays consid‐
ered including CO2, CO, N2, H2O mainly as such strong reductive one [4] dispite the relatively
strong reductive atmosphere at the time of Miller-Urey experiment was assumed to include
CH4, NH3, H2O [27].

Conclusively, the primitive earth environments should have been extreme and heterogeneous.
Nevertheless, the simulation experiments of chemical evolution of nucleic acids and abiotic-
peptides have been normally carried out under mild conditions. One reason is that the ancient
environments of the earth should have been so extreme that these simulation experiments
could not be easily carried out. Thus, these extreme conditions must be considered as possible
earth environments for the simulation experiments of chemical evolution.
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4. Successful examples of the formation of nucleic acids

4.1. RNA formation using the present high-energy nucleotide monomers

Discovery of ribozyme suggested that RNA molecules played important roles in the emergence
of life. If the RNA world hypothesis is correct then RNA or RNA-like molecules should have
accumulated on the primitive earth. It is now getting known that diversity of RNA molecules
in the present organisms is very large including mRNA, tRNA, rRNA, ribozymes, small non-
coding RNA [29]. The biological functions of tRNA, rRNA, and ribozymes are caused by the
formation of three-dimensional structures. Presumably, a certain length of RNA oligomers
would be necessary to display such functions.

The importance of RNA molecules to the origin of life had been speculated many years ago [30,
31] before the time when the RNA world hypothesis was proposed [15]. Thus, the simulation
experiments of chemical evolution of RNA molecules were extensively carried out before the
proposal of the RNA world hypothesis. RNA molecules should have evolved without enzymes
and template DNA molecules. On the other hand, there are some enzymes in modern organ‐
isms and viruses (Table 1) that catalyze the formation of RNA molecules with and without
using a template nucleic acid. RNA polymerase catalyzes the RNA formation from nucleotide
5’-triphosphate (NTP) in the presence of DNA template [32], and Qβ replicase from a virus
catalyzes the RNA formation in the presence of an RNA template [33]. Besides, polynucleotide
phosphorylase (PNPase) catalyzes the formation of RNA from nucleotide 5’-diphosphate
(NDP) without a template nucleic acid [34]; it is considered that the role of PNPase is primarily
to form NDP from polynucleotides, but the enzyme also catalyzes the formation of polynu‐
cleotide from NTP. Thus, the enzyme is used for the preparation of polynucleotide in the
laboratory. The presence of different enzymes in the formation of RNA indicates that oligo‐
nucleotides would have formed under the primitive earth conditions through multiple
pathways.

The pathways for the formation of oligonucleotides without enzymes were extensively
investigated. The potential of the present high-energy nucleotide phosphate as monomer unit,
that is, NDP and NTP, was examined in the absence of the enzyme and a template nucleic acid.
However, the efficient formation of oligonucleotides from neither NDP nor NTP has been
observed [35]. The high-energy nucleotide phosphates possess the sufficient Gibbs free energy
to form oligonucleotides so that the reason of the difficulty of oligomerization of NDP and
NTP is probably due to the relatively small rate constants of formation of oligonucleotide
without enzyme as comparing to the degradation of these monomers or the hydrolysis of
monomers. Thus, condensation agents were used for the oligomeriation of nucleotide mono‐
mers on a template nucleotide polymer although these reactions are normally not so efficient
[36-40]. These condensation agents are not considered as prebiotic so cyclic 2’, 3’-phosphate
were also verified [41, 42]. Recently, the acceptable prebiotic pathway of 2’, 3’-cyclic pyrimidine
nucleotide monomers was proposed, which might have been an activated nucleotide monomer
for oligoucleotides [43]. Very recently, nucleoside 3’, 5’-cyclicmonophosphate was used to
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produce oligonucleotides at medium temperatures, where oligonucleotides were detected
using gel electrophoresis [44].

Enzyme Monomer Template

Ribonuclease Nucleoside 5’-triphosphate DNA

Qβ replicase Nucleoside 5’-triphosphate RNA

Polynucleotide phosphorylase Nucleoside 5’-diphosphate No template

Table 1. Formation of RNA in the presence of different types of enzymes.

It was not successful for an efficient template-directed formation of oligonucleotides from
nucleoside 5’-monophosphate monomers [36-40, 45] or using an activated nucleotide inter‐
mediate [46] in the presence of the condensation agent. Finally, it was discovered an acceptable
primitive activated nucleotide monomer, that is, nucleotide 5’-monophosphorimidazolide
(ImpN) (Figure 5), which is activated with N-P bound on the phosphate group of the nucleotide
monomer [47-49]. For instance, adenosine 5’-monophophorimidazolide (ImpA) forms
oligoadenylate (oligoA) in the presence of Zn2+without a template [50] and guanosine 5’-
monophosphorimidazolide (ImpG) forms efficiently oligoguanylate (oligoG) up to 40 nucleo‐
tide units in the presence of a polycytidylic acid template (polyC) without using enzyme in
the presence of Pb2+or Zn2+[51, 52]. The prebiotic RNA formation reactions in detail will be
summarized in the following sections.

Figure 5. Activated nucleotide monomers

The details and variation of the reaction using activated nucleotide monomers have been
extensively investigated in the absence and presence of template, in the presence of metal ion
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catalysts, clay mineral catalysts, using different types of activated nucleotide monomers, using
non-ribose based nucleotide analogues. As a variation of ImpN, nucleoside 5’-monophos‐
pho-2-methylimidazolde (2MeImpN) has been frequently used [53].

4.2. Prebiotic formation and organic synthesis of the activated nucleotide monomer

It was successfully demonstrated that oligonucleotides form from the activated nucleotide
monomers without enzyme. However, the formation of the activated nucleotide under the
primitive earth conditions is also an important issue. Possible pathways for the spontaneous
formation of the activated nucleotide had been barely elucidated [48, 54, 55]. However, the
accumulation of the activated nucleotide monomers would not be so likely since the moisture
controlled N-P bond formation and the formation of nucleotide phosphate under dry condi‐
tions are included [54]. Furthermore, the activated nucleotide monomers are substantially
hydrolyzed to nucleoside 5’-monophosphate [56]. The yield of the activated nucleotide
monomers formed under these simulation conditions is not so high that the simulation
experiments of oligonucleotide formation from the activated nucleotide monomers under the
primitive earth are normally carried out using a sufficient amount of the activated nucleotide
monomers, such as ImpN, which are prepared using an organic synthetic technique. Organic
synthesis of ImpN was established and the yields of ImpN and the analogues are normally
over 95 % by coupling method using a sulfide compound [57].

4.3. Spontaneous formation of oligonucleotide using metal catalyst (Metal-catalyzed
reaction)

Spontaneous oligomerization of the activated nucleotide monomers should be a next step for
the chemical evolution of oligonucleotide once these formed under the primitive earth
conditions. A spontaneous formation pathway in the presence of metal ion catalysts was found
for the first time (Figure 6) [50, 58]. The maximum length of the oligonucleotide formed by the
Metal-catalyzed reaction of RNA reaches to ca. 10-mer nucleotide units [59-61]. The efficiency
of Metal-catalyzed reaction is less dependent on the type of nucleotide bases. Catalytic metal
ions, such as Zn2+, Pb2+, and UO2

2+, are normally active at fairly high concentrations in the
simulation experiments as comparing to the concentration in the present ocean. Regioselective
formation of 3’, 5’-or 2’, 5’-linked oligonucleotides has been observed that the formation of 2’,
5’-linked oligonucleotide is preferable using Pb2+or UO2

2+and that of 3’, 5’-linked oligonucleo‐
tide is preferable using Zn2+[50, 59-61]. Although the reason 3’, 5’-linked RNA oligonucelotide
was selected by the chemical evolution of RNA is not yet established, these experimental data
would be related to the reason 3’, 5’-linked olignucelotide was selected. In addition, it is
pointed out that the 2’, 5’-linked oligonucelotide formation was applied to a practical synthetic
method of 2’, 5’-linked oligonucleotide [59]. Mechanistic analysis of Metal-catalyzed reactions
suggested that the acceleration by metal ions is due to the formation of the metal ions with
phosphate group and/or bases, which enhance the association between two monomers or that
between a monomer and an elongating oligomer prior to the phosphodiester bond formation
[62].
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Figure 6. Metal-catalyzed reaction

Figure 7. RNA formation of montmorillonite clay

4.4. Spontaneous formation of oligonucleotide using clay catalyst (Clay-catalyzed reaction)

The importance of minerals for the chemical evolution of biomolecules and biopolymers was
frequently assumed from old days [63]. Thus, the simulation experiments of oligonucleotide
formation have been extensively carried out [64-66]. An efficient formation of oligonucleotide
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on a clay mineral, naturally-occurring montmorillonite, was discovered for the first time at
1992 and the reaction was extensively investigated [67]. The oligonucleotides up to ca. 10-mer
nucleotide monomer units are formed spontaneously in one pot reaction in the presence of
montmorillonite catalyst. The efficiency of Clay-catalyzed reaction is somewhat dependent on
the type of nucleotide bases; the formation of oligoguanylate (oligoA) is somewhat less
effective as comparing to the others [68-71]. By these reactions, both the 2’, 5’-linked and 3’, 5’-
linked oligonucleotides form and pyrophosphate-linked isomers were observed. There is a
trend that the oligonucleotides formed from ImpN consisting of purine base involve mainly
3’, 5’-linked isomers and those formed from ImpN consisting of pyrimidine base involve
mainly 2’, 5’-linked isomers. The percentage of pyrophosphate-linked isomers is normally
small.

Furthermore, it is noted that a fairly large amount of cyclic oligonucleotides, such as cyclic-2-
mer, cyclic-3-mer, and cyclic-4-mer, are generally observed. The ratio of the cyclic isomers is
also dependent on the type of nucleotide bases [70]. For instance, the 2-mer fraction on an
anion-exchange HPLC column of the products using ImpU and ImpI involves 60 – 96% of
cyclic-3-mers. Longer cyclic oligomers are also observed in higher length fractions. The
cyclization of nucleotide 6-mer and higher oligomers, which possess phosphate group at 5’-
terminal and 2’-OH at 3’-terminal, was observed in the presence of condensation agent [72,
73]; this reaction was designed for the competition reaction between elongation and cycliza‐
tion. The cyclization of oligonucleotides is considered as termination reaction for the chemical
evolution of RNA.

The oligonucleotide formation proceeds using different sources of montmorillonite, but the
oligonucleotide formation does not proceed at all using a clay from Otay [69]. The binding of
ImpN on different clay mineral is observed in these reaction systems, and there is a strong
correlation between the yield of oligonucleotide and the binding constant of the activated
nucleotide monomer on the clay. Thus, binding is necessary step for the acceleration of
oligonucleotide formation on the clay. The activated nucleotide monomer is bound to the
surface of montmorillonite ca. 80%, where negative charges are present, and bound to the edge
of the montmorillonite 20% [74]. The activated nucleotide monomer is bound through Mg2+ion
bridge, which forms complex with phosphorimidazolide group (Figure 7) [69]. Low efficiency
of oligonucleotide formation in the absence of Mg2+supports the Mg2+bridge binding model,
and Ca2+ion can also form the bridge [69].

On the other hand, the binding of the activated nucleotide monomers is fairly dependent on
the types of nucleotide bases [69, 70]. The strength of binding of ImpN consisting of purine
base is larger than that consisting of pyrimidine base. Although the apparent binding ratio of
ImpC and ImpU on the clay is very low, the yields of oligonucleotide are not much different
from those of ImpA and ImpG. This fact suggests that the apparent binding of ImpN includes
an effective and non-effective binding on the clay mineral for the oligonucleotide formation.
Non-effective binding reflects that the binding is dependent on the hydrophobicity and staking
by nucleotide bases.

By using Clay-catalyzed reaction, it was elucidated that oligonucleotides up to ca. 50-mer
nucleotide units form by a continuous feeding of ImpN to the montmorillonite-aqueous
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solution system [75]. Furthermore, a ImpN analogue replaced the imidazole moiety with
purine derivative forms oligonucleotides with ca. 50-mer nucleotide units in one-step reaction
[76, 77]. The modifications of Clay-catalyzed reaction indicate that oligonucleotides could have
accumulated under the primitive earth conditions if the conditions were mild as present.

The reaction mechanism of Clay-catalyzed reaction was extensively investigated on the basis
of reaction kinetics and binding thermodynamics. The binding of ImpN or analogues is the
first step for the formation of oligonucleotides. Mg2+ions are necessary for the binding of ImpN
through the bridge with Mg2+, which attaches to phosphate group of ImpN on the negatively
charged clay surface [69, 74]. Kinetic analysis showed that the formation rate constant of 2-mer
is much smaller than that of 3-mer and longer oligonucleotides. This fact would suggest that
the association of two ImpN molecules to form 2-mer is much weaker than that of ImpN with
elongating olignucleotide. A similar trend was observed in the cases of Metal-catalyzed
reaction [62]. The regioselectivity of 2’, 5’-or 3’, 5’-linked isomers using pyrimidine or purine
ImpN is probably due to the different binding conformation of the activated nucleotide
monomer on clay surface. During the oligomerization, the hydrolysis of ImpN simultaneously
proceeds, but the formation of oligonucleotide is much faster than that of ImpN hydrolysis.

4.5. Template-directed formation of oligonucleotide (Template-directed reaction)

According to the scenario of chemical evolution of RNA, the replication of oligonucleotides
should be a next step after the spontaneous formation of oligonucelotides by Metal-catalyzed
and Clay-catalyzed reactions since the replication of RNA would have resulted in the repli‐
cation of genetic information. Orgel and coworkers showed that template-directed formation
of oligoG from ImpG or 2MeImpG on a polyC without using any enzyme (Figure 8) [51-53].
These reactions produce oligonucleotides up to ca. 40-mer. The efficiency of Template-directed
reaction using ImpG is dependent on metal ions, where Pb2+ion catalyzes the 2’, 5’-linked
oligoG and Zn2+ion catalyzes the 3’, 5’-linked oligoG. It is interesting that Zn2+is present in the
active center of modern RNA polymerase (Figure 9) [78]. Besides, 2MeImpG forms 3’, 5’-linked
oligoG without using any metal ions. Formation of cyclic isomers is less in Template-directed
reaction while the cyclic 2-mer, 3-mer, and higher oligomers are frequently observed for Clay-
catalyzed reactions. The Template-directed reaction is dependent on pH and temperature.
Normally, the efficiency of the reaction is highest at around pH 8 [53]. This is due to the activity
of the activity of the activated nucleotide monomers.

It is noted that Template-directed reactions using different ImpN or 2MeImpN with different
nucleotide bases, that is, adenine, uracil, and cytosine do efficiently not proceed to form
oligonucleotides; oligoA forms with very low efficient from ImpA on polyU template [49] and
oligoU and oligoC are not formed at all from ImpU and ImpC on a complementary template.
The low efficiency using activated nucleotide monomers is probably due to that the association
between two ImpN molecules or that between ImpN and an elongating oligonucleotide on a
complementary template is very weak for ImpN consisting of adenine, uridine, or cytidine
base.

A possible pathway was demonstrated that Template-directed reaction from a mixture of 4
types of ImpN with different bases on a template including complementary bases enable to
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partially incorporate different bases in the oligonucleotides other than oligoG [57, 79]. The
efficiency of the Template-directed reaction increases with increasing of the ratio of cytidine
of the template. In addition, it was confirmed that Template-directed reaction using ImpA,
ImpU, and ImpC would partially proceeds using hairpin oligonucleotides [80]. Furthermore,
Template-directed reaction proceeds if the activated oligoU is used as starting material on a
polyA template, of which the association of oligoU would be stronger than that of ImpU
monomers [81]. Although these results suggest that Template-directed reaction partially
proceeds in mixed oligonucleotides, thus the fidelity of Template-directed reaction is not high.
The limitaition of Template-directed reaction as prebiotic formation of RNA has been pointed
out [82]. In other words, these facts would suggest that there is still a drawback how the
replication of oligonucleotide could have proceeded in the absence of enzyme. In addition,
protocell and vesicles could have enhanced the chemical evolution of RNA molecules [83, 84].
Conclusively, a universal pathway for the replication using activated nucleotide monomers is
not yet identified.

Figure 8. Template-directed formation of RNA
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4.6. Kinetic analysis of prebiotic oligonucleotide formation

First, the reaction mechanism of Template-directed reaction has been extensively investigated
on the basis of kinetic analysis [85]. The rate constants for the formation of 2-mer, 3-mer and
longer increase in the order 2-mer << 3-mer < 4-mer and higher. The hydrolysis of the activated
nucleotide proceeds simultaneously to the oligomerization (Figure 10) [56, 85]. The rate
constants of oligomerization are greater than that of hydrolysis in the presence of template.
The association between two activated monomers and that between activated monomer and
the elongating oligoG is important for the oligonucleotide formation. A similar trend was
observed for Clay-catalyzed reaction [69, 70]. This was evaluated in detail and kinetic analysis
in details showed a trend that two or three activated nucleotide monomers align on the polyC
template prior to the phosphodiester bond formation [85]. For instance, the association
between two ImpG molecules would be stronger than that between two ImpC molecules,
which is determined by the strength of stacking of nucleotide bases. This is compatible to the
fact that the efficiency of Template-directed reaction with ImpA, ImpU, and/or ImpC is much
lower than Template-directed reaction with ImpG.

On the other hand, kinetic analysis of the reaction mechanism of Clay-catalyzed reaction
showed that the rate constants for the formation of 2-mer, 3-mer, and 4-mer and higher
oligonucleotide increase in the order of 2-mer < 3-mer < 4-mer and higher; this trend is
consistent with Template-directed reaction [69, 70]. Thus, the hydrolysis of the activated
nucleotide monomer is somewhat competitive reaction to the oligomerization in the presence
of clay. The kinetics suggested that the association between two activation monomers and that

Figure 9. 3’, 5’-linked (left) and 2’, 5’-linked (right) RNA
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between activated monomer and elongating oligomer are important to determine the rate
constants of 2-mer, 3-mer, and 4-mer formations, which is similar to Template-directed
reaction. The association is mainly due to the stacking through nucleotide bases, which
increases with length of oligonucleotide up to 4-mer and remains constant. Kinetic analysis of
Metal-catalyzed reaction also implies a similar mechanism to that for Template-directed and
Clay-catalyzed reactions (Figure 11). Conclusively, the kinetic investigations summarize that
the association of an activated nucleotide monomer with another one activated nucleotide
monomer or an elongating oligomer is important to determine the efficiency of oligomerization
in the presence of any additives, such as a polynucleotide template, clay surface, and metal
ions.

Figure 11. Importance of associate formation for oligonucleotide elongation

4.7. Variations of the activated nucleotide monomers

The activated nucleotide monomers with N-P bond were normally tested using ImpN or
2MeImpN, where imidazole and 2-methylimidazole moieties are the leaving group from N-P
bound with phosphate group. Although the methyl group does not seem to be so effective,
this causes fairly large influence for the formation of long oligonucleotides [86]. For instance,
the efficiency of Template-directed reaction using 2MImpG in the absence of metal catalyst is
higher than that using ImpG. This is probably due to the enhancement of association between

Figure 10. Hydrolytic degradation of the activated nucleotide
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monomers or that between monomer and elongating oligomer by stacking of 2-methyl-
imidazole. The solubility of 2MeImpN is lower than that of ImpN in aqueous solutions. Both
imidazole and 2-methy-limidazole are potentially prebiotic compounds. Analogues of ImpN
with different leaving group were examined. It was found that the efficiency of the oligonu‐
cleotide formation using different leaving group with N-P bond is correlated to the acidity of
the leading group. Oligonucleotide formation indeed proceeds efficiently using such ImpN
analogues for Clay-catalyzed reactions, where higher oligonucleotides were observed in some
cases (Figure 12) [87, 88]. These studies suggest that a variation of pathways should have been
possible for the formation of RNA under the primitive earth conditions.

Figure 12. Variations of the activated nucleotide

On the other hand, it is claimed that RNA would not be suitable as an initial material to preserve
genetic information since ribose as an RNA moiety is considered normally difficult to form
under the primitive earth conditions. Ribose does not form efficiently under prebiotic condi‐
tions although many types of sugars are readily formed by formose reaction [89, 90]; it is
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considered as a major pathway for the formation of sugars. In addition, RNA is considered
unstable as comparing to hexose. Naturally, the nucleotide analogues of RNA instead of ribose
could be formed under prebiotic conditions. Furthermore, the backbone of phosphodiester
bond could be replaced with peptide bonding backbone [91-93] (Figure 13). These possibilities
were also experimentally verified. Conclusively, the reactions of the activated nucleotide
analogues using hexose backbone also proceed to form oligonucleotide analogues using
Template-directed reaction [94, 95]. These examples suggest that template direction could have
played important roles in a variety of analogical materials under the prebiotic conditions.

Finally, as mentioned above, it is known that ImpN monomers consisting of deoxyribose do
not form oligonucleotides since the reactivity of ImpN with deoxyribose is very low. This is
due to the less reactivity of 2’-H group of ribose. The formation of DNA from such activated
nucleotide monomers is not yet deeply investigated since DNA molecules are not considered
as initial genetic material on the primitive earth.

4.8. Chiral selection of oligonucleotide using the prebiotic RNA formation models

The RNA polymerization model reactions were extensively studied. Normally, these studies
were normally carried out using homochiral materials because of the difficulty of preparation
of starting materials. The selection of a single chirality, which is L-ribose for the present nucleic

Figure 13. RBA and peptide nucleic acid
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acid, is a great issue in the field of the origin of life study. Although this question is not yet
solved, some attempts were carried out for the evaluation of the efficiency of Template-
directed, Clay-catalyzed, and Metal-catalyzed reactions by using heterochiral materials
[96-99]. The preparation of the activated nucleotide monomers with L-ribose was succeeded
although it involves very complicated organic synthetic procedures. These reactions showed
that the homochiral oligomerization is preferable instead of the heterochiral oligomerization
for both the Clay-catalyzed and Template-directed reactions. The results would imply the
reason how homochiral biochemistry was selected during the chemical evolution of nucleotide
and abiotic-peptide (Figure 14).

Figure 14. Homochiral selectivity for prebiotic RNA formation

4.9. Temperature dependence of the pebiotic oligomerization at medium to high
temperature

According to the evidences of geoscience, the temperature of the primitive earth would be
much higher than that of present. In addition, submarine hydrothermal vent system would
have been present and played important roles for the emergence of life and the last universal
common ancestor, which is deduced from phylogenetic tree analysis, could be close to
hyperthermophiles [100, 101]. Naturally, the heterogeneity of the primitive earth environment
should be considered so the previous studies on the formation of RNA are regarded to bias
very mild conditions. As mentioned above, the oligomeriation of the activated nucleotide
monomers does not proceed in acidic and alkaline solutions because of the hydrolysis of the
activated nucleotide. Besides, the temperature dependence of these reactions was extensively
investigated in relation to the hydrothermal origin of life hypothesis.
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In general, the efficiency of oligonucleotide formation by Metal-catalyzed, Clay-catalyzed, and
Template-directed reactions decreases with increasing temperature. Kinetic analyses clarified
successfully the reason of the low efficiency at high temperatures [102-104]. The investigations
provided the rate constants regarding these reaction systems, that is, the formation of oligom‐
ers 2-mer (k2), 3-mer (k3), 4-mer (k4), the hydrolysis of the activated nucleotide (khy), the
formation of pyrophosphate-linkage (kpy), and the hydrolysis of oligonucleotide formed by
these prebiotic oligomerizations. Comparison of the temperature dependence of k2, k3, k4 shows
that k2 has a smaller activation energy than that for k3 and k4. In addition, the relative magnitude
of k2 becomes small as comparing to khy with increasing temperature although that of k3 and k4

does not; the activation energy for k2 is smaller thant that for khy, but that for k3 and k4 is
comparable to that for khy. The main reason of low efficiency of oligonucleotide formation at
high temperature is that the formation of 2-mer becomes relatively slow as comparing to the
hydrolysis of the activated nucleotide at high temperature.

The similar trend was observed for Metal-catalyzed and Clay-catalyzed reactions on the basis
of kinetic analysis [103, 104]. In addition, the association does not only affect the efficiency of
these reactions but also the regioselectivity, and effective to the formation of cyclic-isomers. The
fact that the formation of DNA double-helix is primarily stabilized by the base-stacking rather
than hydrogen bonding is minor factor [105] is consistent with the trend in the primitive RNA
formation reactions. These analyses suggest that the accumulation of the activated nucleotide
monomer would be difficult at high temperatures since the hydrolysis of the activation nucleotide
becomes fast unless the activated nucleotide monomers are continuously supplied by a plausible
pathway. Nevertheless, such conformation of DNA and RNA must be held at high tempera‐
tures since a thermophilic organism could survive at least 100-120 °C [106, 107].

5. Successful examples of the formation of abiotic-peptides

5.1. Introduction

Proteins are regarded the practical entity for maintaining life-like system while DNA in the
present organisms or the primitive RNA in RNA worlds is regarded as blueprint of life-like
systems. The question, which was the first material between nucleic acids and proteins for the
emergence of life-like system on the primitive earth, has been controversy for many years
although this might be solved by the proposal of the RNA world hypothesis. However, there
are a number of drawbacks regarding the RNA world hypothesis so the question is continu‐
ously discussed. As mentioned above, the term ”protein” in the present chapter involves the
meaning that protein must be a functional material, which is synthesized on the basis of genetic
information. If a protein-like molecule is merely consisting of peptide, but the sequence is not
encoded in a genetic coding system, the material is called as just abiotic-peptide. As mentioned,
such peptides are called as abiotic-peptides to distinguish from the peptides possessing
biological functions in vivo. Naturally, for instance, this is not inconsistent with a hypothesis
that both the RNA and protein-like molecules formed independently and became interrelated
only after the accumulations of these molecules.
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In the first place, abiotic-peptide formation from amino acids is also the dehydration so this is
not preferable in aqueous medium unless using the activation of amino acid or a condensation
agent. Peptides are normally regarded more stable against the hydrolysis as comparing to
nucleic acids although peptides in aqueous medium are normally exposed under the pressure
to hydrolytic degradation. In the present organisms, peptides form on ribosomes from
aminoacyl-tRNA, which is regarded as activation of amino acid activation. Furthermore,
condensation agent and activation techniques are used for modern organic synthesis of
peptides. Thus, it should be noted that abiotic-peptides do not form spontaneously from the
viewpoint of thermodynamics even if amino acids are mixed in aqueous medium. This is the
same situation as the oligomerization of DNA and RNA.

5.2. Thermal condensation of amino acid mixture

Spontaneous condensation of amino acid mixtures does not or less proceeds in aqueous
solutions. This is due to that dehydration is disadvantageous in aqueous medium. It was found
that thermal condensation products form from amino acid mixtures, such as glutamic acid and
aspartic acid, under dry conditions at temperatures 180-200 °C [108-110] (Figure. 15). Micro‐
spheres can be formed by treatment of the condensation products in boiling water; the
microspheres were named as proteinoid. It is surprising that these condensation products
readily form with normally molecular weight over 10000 Da involving peptide bonding, but
the peptide bonds are not controlled; probably branched sequences and non-peptide bonding
would be involved. Lacton formed by heating glutamic acid etc. is melted at high temperatures,
where other amino acids are dissolved and then result in polymerization. The biochemical
functions of proteinoids have been extensively investigated [111-113].

Figure 15. Thermal condensation of amino acids
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Although the proteinoids involve partially peptide bonding, proteinoids might not reflect a
plausible ancient accumulation pathway of protein-like molecules since large continents were
not present on the primitive earth. The question how the proteinoids containing peptide
bonding incompletely had evolved to the modern proteins is a great drawback. In addition,
as mentioned above these condensation products are not categorized as proteins since these
are not synthesized by the direction of genetic information. Normally, it is realized that protein
does not replicate alone. Furthermore, these condensation products do not seem to be useful
in an organic synthetic method. Thus, the research regarding the thermal condensation of
amino acids does not progress so far.

5.3. Formation of protein-like and abiotic-peptide molecules in aqueous medium

The condensation from amino acids to form peptide bonding is disadvantageous in aqueous
medium [114]. Activation of amino acids or usage of a condensation agent is necessary for
peptide bond formation [115-120]. Thus, the pathways for oligopeptides have been investigat‐
ed as simulation experiments under the primitive earth environments. Several types of minerals
and metal ions were evaluated to see whether these materials enhance the formation of long
oligopeptides. Nevertheless, the plausible oligomerization has met with limited success [119].

5.4. Hydrothermal synthesis of oligpeptides

Presumably, the temperature of the primitive earth surface should have been much higher
than present. Furthermore, the phylogenetic analysis of present organisms suggested that last
universal common ancestor (LUCA), which is located to the branches between Bacteria and
Archaea, would have been a hyperthermophilic organism [100, 101] although this assumption
is still strongly disputed [121, 122]. The importance of such hydrothermal systems has been
extensively investigated [123]. The hypothesis is named as “hydrothermal origin of life
hypothesis”. Although LUCA is not the origin of life, it would reflect old organisms and the
environments, where life had emerged. Recent discoveries of ecosystem present near submar‐
ine hydrothermal vent systems in deep-ocean support the hydrothermal origin of life hypoth‐
esis [124]. Thus, simulation experiments have been carried out for the formation of
oligopeptides under the hydrothermal conditions using batch reactors at the beginning of such
simulation experiments. Condensation products, which involve peptide bonding and bonding
between silicate and organic materials, were observed in the products [125].

Recently, flow reactors were developed and behaviors of biomolecules in hydrothermal
systems have been extensively investigated to simulate the submarine vent system in deep-
ocean [126]. The simulation experiment showed that oligopeptides are formed from glycine
monomers at temperature over 250 °C, where oligoglycine up to 6 amino acid units was
detected. The efficiency of the direct oligopeptide formation from amino acid is normally low;
the maximum yield is normally 0.1 – 1 % at most [126, 127]. The reason is due to primarily the
fact that dehydration in aqueous solution is not advantageous so that the oligopeptides once
produced are always exposed under the degradation pressure. In addition, the formation of
diketopierazine (DKP) inhibits the further elongation of oligopeptides (Figure 16); DKP is
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cyclic dipeptide and considered as very stable. Rapid accumulation of DKP from glycine is
also observed in the simulation reaction of submarine vent system.

Figure 16. DKP formation from amino acids

On the other hand, in our group, a hydrothermal micro flow reactor using fused-silica capillary
has been developed (Figure 17) [128-130]. This enables to monitor hydrothermal reactions at
temperature up to 400 °C at time scale between 2 ms – 200 s. By using the flow reactor, a more
efficient elongation of 4-mer and 5-mer of alanine to 5-mer and 6-mer was discovered at 250 –
310 °C within 5 – 20 s [131]. Furthermore, it was found that oligopeptides including 20 amino
acid units form within 180 s at temperatures 270 – 310 °C [132]. These reactions were designed
to avoid the formation of DKP during the direct oligomerization of monomeric amino acids;
the formation of DKP is regarded as a problem for the organic synthesis of peptide. DKP readily
forms from dipeptide at high temperatures, for instance DKP forms from alanine dipeptide
within 10 s at 275 °C (Figure 18). On the contrary, DKP formation is relatively slow if the
elongation starts from 4-mer and 5-mer of alanine. In these reactions, 4-mer and 5-mer are
converted to DKP finally, but the DKP formation is relatively slow. Thus the elongation of
these peptides is observed during the conversion of the 4-mer and 5-me to DKP. The reaction
scheme is shown in Figure 18. The elongation yield reaches to 10 %, which is ca. 100-fold greater
than that of direct formation from monomeric amino acids. This is surprising since neither
condensation reagent nor catalyst is necessary. The kinetic analysis implies that peptide bond
within 4-mer would compensate the elongation of peptide bonding to form 5-mer at very high
temperatures.

Figure 17. Principle of hydrothermal flow reactor

To investigate the role of minerals under hydrothermal conditions, a new type of flow reactor
technique was established in our group [133]. The system consisting a mineral-packed column
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reactor is settled in a high temperature heating system. This system enables to monitor
hydrothermal reactions at temperatures up to 300 °C at the time scale 2 – 200 s in the presence
of mineral particles. By using the method, it was discovered that the oligopeptide elongation
reaction from alanine 4-mer to 5-mer within 5 – 20 s is notably enhanced by naturally-occurring
carbonate minerals, such as calcite and dolomite.

6. Unsolved drawbacks regarding the origin of building blocks for a
primitive life-like system

6.1. General difficulties of oligomerization of nucleic acids and abiotic-peptides

First, the dehydration in aqueous solution is disadvantageous from the viewpoint of thermo‐
dynamics. As we evaluated the difficulties of oligonucleotides and oligopeptides in a former
section, activation method is a key technique to form long oligomers. For the case of nucleotide,
the activated nucleotide monomer, that is, imidazolide of nucleoside 5’-monophosphate is
useful material. However, the prebiotic activation method, which is regarded as compatible
to the primitive earth environments, is not identified for the peptide formation. Aminoacyl-
tRNA is universally used in the present organisms and some minerals would have played roles
for activation or condensation agents for the oligopeptide formation. However, these possi‐
bilities are not yet extensively evaluated.

Figure 18. Pathways of elongation and degradation of oligopeptides
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Second, it is generally true that the formation of short cyclic-oligonucleotides [70, 72, 73, 134]
and DKP [131] inhibits the further elongation of oligomers (Figure 19). The cyclization of
oligonucleotides is completely controlled by RNA polymerase and peptide synthetic method
on ribosomes in vivo. Nucleic acid templates, mineral catalysts, and metal ion catalysts tend to
inhibit the cyclization reaction. The additives probably enhance suitable steric alignment of
monomers to inhibit cyclization although the general rules for inhibition of cyclization are not
elucidated. Actually as a primitive oligomerization, there is less cyclic-dinucleotide for the
formation of oligoG in Template-directed reaction. This is probably due to Watson-Crick type
hydrogen bonding and base stacking. On the contrary, cyclic-2-mer, 3-mer, and 4-mer
somewhat readily form in Clay-catalyzed reactions. On the other hand, the elongation from
4mer or higher is effective for inhibition of DKP formation. In the present organisms, the
alignment of amino acid monomers is supported by the machinery of ribosome as well as
mRNA and tRNA. However, if the hydrothermal hypothesis is correct, then the oligopeptide
formation would have occurred even under such extreme conditions involving the submarine
hydrothermal vent system. In such a system, it is assumed that the alignment of amino acids
would be so difficult since weak interactions among biomolecules would not act at high
temperatures.

Figure 19. Cyclization and elongation of prebiotic oligomers

Third, the estimation of the primitive earth environments is not yet succeeded. Furthermore,
the heterogeneity of earth conditions should be considered. Improvement of knowledge about
the primitive environment is essential and a variety of conditions of simulation experiments
would be helpful. Most of simulation reactions for the oligonucleotide formation have been
carried out under the fairly mild temperatures and pressures. Beside, abiotic-peptide forma‐
tions were carried out under a variety conditions from mild conditions to hydrothermal
conditions. Wider range of simulation experiments should be carried out unless the exact earth
environments are readily identified. General rules would be found on the basis of such a
variety of simulation experiments in future.
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6.2. Formation of simple oligomers to functional entities

The genetic information flow in present organisms consists of DNA replication, transformation
of DNA sequence to mRNA, translation of mRNA sequence to protein. According to the RNA
world hypothesis, the roles of DNA and protein should have been covered by RNA molecules
so the replication of RNA molecules is the first step in an RNA based life-like systems [135,
136]. Here, the possibility of the prebiotic RNA replication is briefly discussed.

In a former section, the difficulty if Template-directed reaction for the cases of A, U, C as
nucleotide bases on the complementary template was described. This would be due to the
weak stacking between the activated monomers and elongating oligomer. Thus, the enhance‐
ment of the association has been attempted. It has been shown that intercalator somewhat
enhances the efficiency of oligonucleotide by enhancement of the association [137]. However,
the practical replication conditions using primitive activate nucleotide monomers are not
identified [82, 135].

The biological functions of oligonucleotide and oliopeptide would be displayed with a certain
length of oligomers, such as 30-mer, 50-mer, and 100-mer. Transfer-RNA (tRNA) would be
one of smallest functional RNA consisting of ca. 80-mer. On the other hand, recently it has
been extensively found that small non-coding RNA and so-called microRNA possess impor‐
tant roles in vivo. In addition, it is also known that short peptides possess several important
roles while the average length of proteins is ca. 100-mer. Oligonucleotides with 40 – 50-mer
can form from Template-directed and Clay-catalyzed reactions. This fact suggests that
different types of functional RNA molecules should have been included in a randomly formed
large RNA pool on the primitive earth. Several functional RNA sequences would have
amplified by replication machinery, that is ribosome, of which some main parts are made of
RNA molecules. As mentioned, Template-directed reaction is only efficient for the case of the
formation of oligoG on a polyC template. However, the Template-directed reaction could
proceed using the activated oligonucleotide as a monomer for the case of oligoU formation of
a polyA template. If this type of Template-directed reaction is universal for the different types
of combination of monomer and template, a replication of RNA molecules could have evolved
under the primitive earth conditions. Nevertheless, it was confirmed that a heterogeneous
oligoC template spontaneously formed by Clay-catalyzed reaction containing 2’, 5’-and 3’-5’-
linked isomers could have preserved as template for the Template-directed reaction of oligoG
formation [138]. On the other hand, the oligopeptide formation from amino acid mixtures is
not yet elucidated although some thermal condensation products of amino acids, such as
proteinoids, were observed. Actually, it is considered that the formation of amino acids seems
to be easier than that of nucleotide monomers since amino acids are readily found in gas
reaction products with different types of energy sources. However, it could not straightfor‐
wardly mean that the oligopeptide formation using prebiotic materials is easier than the
oligonucleotide formation.

In vitro selection technique has been extensively investigated to create several types of artificial
functional RNA molecules [139, 140]. This technique elucidated that a RNA replication system
catalyzed by RNA molecule could have evolved if amplification and selection processes were
present. Naturally, the molecular biological tools and materials are necessary for the in vitro
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selection technique. However, if the amplification on the basis of Template-directed reaction
under the primitive earth conditions, amplified RNA molecules are exposed under different
types of selection pressure. This would cause the accumulation of functional RNA molecules,
such as RNA replicase function, under the primitive earth conditions.

6.3. Relationship between RNA and protein-like molecules

Cooperation of RNA and proteins is definitely important in modern organisms. Thus, it should
be evaluated that the formation of RNA and that of peptides could be enhanced by each other.
According to previous studies, Template-directed reaction is not enhanced in the presence of
proteinoids [141]. On the other hand, possible roles of nucleotides and oligonucleotides for the
formation of oligopeptides are not yet well evaluated. Presumably, nucleotides and oligonu‐
cleotides would not be helpful for the abiotic-peptide synthesis under hydrothermal condi‐
tions since nucleotides and oligonucleotides are much more unstable than amino acids and
peptides [129, 135, 136, 142]. This fact implies that chemical evolution of RNA would have
started after the accumulation of oligopeptides.

6.4. Accumulation of RNA molecules and abiotic-peptide under the primitive earth
conditions

According to the former sections, RNA could have formed from the activated nucleotide in
the absence of enzyme. Abiotic-peptides also form without using the in vitro translation system
on ribosome. However, the accumulation of oligonucleotides and oligopeptides would not
have been easy under the primitive earth conditions since these are spontaneously hydrolyzed
in aqueous medium although the rates of hydrolysis of these oligomers are normally slower
than those of formation at low temperatures. The hydrolysis rate increases with increasing
temperature.

The accumulation of oligomers should be considered from the viewpoint that the life-like
system is considered as thermodynamically open system. That is, the accumulation of
oligomers is determined by both the rates of formation and degradation of oligomers. Thus,
although the rate of degradation of oligomers at high temperatures is large, the accumulation
would be possible if the formation rate is much lager than that of degradation. The formation
rate would be possibly enhanced by several prebiotic catalysts. Experimental simulations of
these conditions are not yet well succeeded while most of simulation experiments were carried
out under static conditions. Some experiments, of which activated monomers were fed to batch
reaction, successfully showed the possible formation of long oligonucleotides and oligopep‐
tides [75]. Flow reactor would be useful to design where the activated monomers are fed to a
chemical evolutionary system.
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7. Conclusive remarks: Possible future applications by learning the
primitive oligomerization processes

These studies support the fact that oligomer formation in aqueous solution in the absence of
enzyme is possible. The reaction processes are different from normal organic synthetic
techniques. Therefore, the improvement of the formation reactions of oligomers, which possess
biological functions, should be achieved by learning chemistry of living organisms. Recently,
organic chemistry is expected to be a technology compatible with the global environmental
protection. Obviously, organic synthesis requires a large amount of organic solvent, which is
not suitable to the environmental protection. On the contrary, nowadays, creation of a
environmental harmless system for organic synthetic methods is expected by learning the
living organisms. However, the organic synthesis is generally difficult in aqueous medium.
According to the examples shown here, oligonucleotides and oligopeptides could be synthe‐
sized in aqueous medium. The fundamental researches will facilitate such demand of envi‐
ronment harmless organic synthesis.
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