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Introduction

A notion of life being originated from polymerization of RNA nucleotides seems to be corroborated by
circumstantial evidence and some experimental results, however, how it was actually proceeded is not well
understood. There are ongoing efforts to synthesize RNA nucleotides in modern labs starting from simple
molecular components presumably existed on prebiotic Earth [1-4]. It appears that entire processes leading
to formation of the subunits of RNA nucleotides, i.e., ribose sugar, phosphate and nucleobases (adenine (A for
short), uracil (U), guanine (G) and cytosine (C)) could be naturally proceeded in prebiotic Earth environment
following thermodynamic principles. Alternatively, some intermediate products might be originated from
outer space and delivered to Earth. Evidence provided by meteorites suggests this possibility [5]. On the
other hand, according to experiments performed in modern labs, the final process, the formation of the RNA
nucleotides by joining the subunits is found to be thermodynamically difficult because the subunits must
be joined together with covalent bonding that requires to overcome a high activation energy. Thus, there
had to be a process that modified the activation energy and promoted the formation of the nucleotides to
produce enough quantity for the subsequent polymerization.

Once the concentration of RNA nucleotides had reached a certain level, the polymerization took place, and a
single strand of RNA polymer was formed on prebiotic Earth. An experiment a simulated prebiotic condition
shows that the polymer can grow up to 40 nucleotide units. The max length is determined by stability of the
polymer that is constantly subjected to dissociation (bond breaking). The length is well short comparing
the length of known short functional RNAs (70˜100 units). The dissociation rate linearly increases as the
polymer grows in length. In order to grow further, a mechanism that produced longer polymers had to be
operated in prebiotic Earth.

Autocatalytic reaction is a special property of certain molecules, by which the molecules are multiplied
exponentially instead of linearly. Self-replication of RNA enzyme without help of biotic catalysts is known
[6]. Also, the self-replication of synthetic molecule has been demonstrated [7]. The molecule is an amino
adenosine triacid ester (AATE), which copies itself by attracting another ester molecule to its adenosine end,
and an amino adenosine molecule to its ester end. These two molecules then react to form another AATE.
The copying process works because of a weak bonding, known as hydrogen bonding which can be broken
even by thermal vibration. Hydrogen bonding plays the same role in the self-replication of DNA.

It is conceivable that self-replication with a help of non-biotic catalysts might play an essential role for the
formation of RNA nucleotides and the polymerization of the nucleotides on prebiotic Earth [8]. Catalysts are
widely used to increase yields in modern chemical syntheses. We speculate that non-biotic catalysts played
an essential role in the formation of the nucleotides and the polymerization on prebiotic Earth. Metals and
clay minerals are known to be good catalysts and certainly existed on prebiotic Earth [9, 10]. Their roles in
the process were twofold. First, they provided surfaces on which the subunits were selectively adsorbed. This
reaction consequently increased the concentration of the subunits on the surface and allowed the subunits to
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react each other more frequently. Secondly, they strained and aligned the subunits and nucleotides in proper
orientations so that particular reactions became easier due to reduction of the activation energy.

Formation of Nucleotides

We hypothesize a process for multiplication of nucleotides on prebiotic Earth [11]. It is posited that the
subunits of the nucleotides of terrestrial or exterrestrial origin existed in prebiotic oceans. The multiplication
of nucleotides took place at tideland or estuary at which wet & dry cycle or pH fluctuation occurred due to
tidal cycle. The subunits dissolved in the oceans were selectively adsorbed on clay minerals at the bottom of
tideland or estuary. Since fresh subunits were supplied in every tidal cycle, the concentration of the subunits
on the mineral surfaces were gradually increased. Once the concentration reached a certain level, it was
extremely rare, but a rection that joined three subunits, say, base (U), D-ribose and phosphate occurred, and
an original nucleotide formed. The rate of the reaction is proportional to the concentration of reactants but
independent of the concentration of the nucleotides. The nucleotides might degrade before the next reaction
occurred; thus, a significant increase in the concentration of the nucleotides was unlikely if the formation was
solely relied on the synthesis reaction unless the concentration of the reactants were unnaturally high. In
order to increase the concentration, the nucleotides must be formed faster than degradation. As a plausible
process, we propose a cross complementary self-replication of the nucleotides. Although various proto-
nucleotides including extant RNA nucleotides were produced in the prebiotic Earth, the extant nucleotides
eventually dominated. The sequential steps of the formation of the extant RNA nucleotides are described in
the following:

Step 1: For example, a free complementary base (A) resided close to the original nucleotide is joined to the
base (U) by hydrogen bond. This reaction is spontaneous because the bonding does not require to overcome
an activation energy for establishing the bonding.

Step 2: A free D-ribose is joined to the base (A) by covalent bond. A nucleoside is formed. This reaction
is possible because the original nucleotide is preferentially oriented and in a state of lower activation energy
for the bonding.

Step 3: Next, a free phosphate is joined to the D-ribose by covalent bond to form the second nucleotide.
Again, the activation energy is lowered due to the preferential orientation.

Step 4: The hydrogen bond between the original and the second nucleotides is broken by cyclic variation of
the environment due to tidal cycle, resulting in two separate nucleotides.

Steps 1-4 repeat and the original nucleotide with (U) and the second nucleotide with (A) produce the
third nucleotide with (A) and the fourth nucleotide with (U), respectively. Two different nucleotides are
self-replicated. The process continues as long as the subunits are supplied.

The same process also occurs to the base (G) and (C) pair. If the rate of complementary self-replication
exceeds the rate of degradation of existing nucleotides, the concentration of the nucleotides is expected to
increase exponentially.

Polymerization of Nucleotides

Once the concentration of RNA nucleotides had reached a certain level, polymerization took place, and a
single strand of RNA polymer was formed on prebiotic Earth. The sequential steps of the polymerization
process are as follows [12]:

Step 1: Two nucleotides join together and form a dimer. The dimer is adsorbed and properly aligned on a
clay mineral which acts as a catalyst and lowers the activation energy for polymerization.

Step 2: Although polymerization normally proceeds by joining third nucleotide at an end of the dimer
resulting in a trimer, due to a unique structure of the nucleotides, the process differently proceeds by
bonding the base of third nucleotide with a complementary base of the dimer first because this bonding does
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not need to overcome an activation energy and occurs instantaneously when the two bases come to close
each other.

Step 3: Next, fourth nucleotide with base which is complementary to the remaining unbonded base of the
dimer is bonded and then third and fourth nucleotides join. As a result, a double strand dimer is formed.

Step 4: The wet & dry cycle of environment causes breaking up of hydrogen bond between the bases and
the dimer and its complimentary dimer are separated. The complemental self-replication of the dimer is
completed.

Step 5: The process independently continues further on each of the two separated dimers and the number
of the replicated dimer that is more stable increases.

Step 6: Although the self-replication reaction dominates, as the number of replicated dimers increases, there
is a chance of polymerization process by which a nucleotide joins at an end of one of the dimers resulting in
formation of a trimer (there is a small chance of formation of a tetramer by joining two dimers together). If
the trimer (or tetramer) is more stable than the dimers, the self-replication of the trimer starts. Bonding of
free complementary nucleotides starts from one end of the trimer and finishes at the other end, forming a
double strand trimer.

Step 7: The trimer and its complementary trimer are separated by the wet & dry cycle. The self-replication
of the trimer is completed.

The process continues and the length of the longest polymer steadily increases as long as the free nucleotides
are available. Growth of the length reaches a limit when the dissociation rate of the polymer exceeds the
self-replication rate.

Discussion

The hypothesized process can explain features associated with RNA, homochirality [13] and heredity. Ho-
mochirality was established during the nucleotide formation and the polymerization. Canonical subunits
and other subunits involved in formation of proto-nucleotides. These were formed and dissolved many times
and the canonical nucleotides eventually dominated. During the polymerization, if remaining non-canonical
nucleotides were attached, the growth stopped, therefore long polymers were exclusively made from the
canonical nucleotides, thus homochirality was established. In other words, the homochirality progressively
started in the nucleotide formation and completed in the polymerization by crowding out less advantaged
nucleotides and polymers. Since the polymerization proceeded by the self-replication, heredity was naturally
established. Double strands created by the self-replication was inherently more stable than the correspond-
ing single strand because the hydrogen bonding contributed for stability, thus extending the length of the
polymers.

With the advance of RNA molecule replication, evolution became possible due to occasional copying mistakes.
Various variants were formed from the original molecules and some of them were turned out be more stable
and gradually dominated. This was the molecular level Darwinian evolution where the most fit molecule
survived. A significant change was replacement of uracil (U) with thymine (T) that formed DNA which was
much more stable than RNA and further advanced the evolution.

The valid clay minerals for the formation of nucleotides from the subunits have not been found yet. Selective
adsorption of prebiotic molecules in oceans depends on atomic structure and composition of the minerals.
For RNA nucleotides, montmorillonite seems a good candidate [14]. It has been shown to catalyze the
formation of RNA polymers. Experimental investigations on montmorillonite and similar minerals may be
the first step to identify right clay minerals for the formation of the nucleotides.

The formation of nucleotides from the subunits is a condensation process where two water molecules are
released on the reaction. The self-replication reaction starts with bonding of a complimentary pair base,
and then D-ribose is joined to the base to form a nucleoside. Next, a phosphate is joined to the nucleoside.
Bonding is possible due to activation energy modification by the catalytic minerals. After the complemental
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nucleotide is replicated, the two nucleotides undergo separation. The breaking up at the site of the hydrogen
bond requires energy input that exceeds the energy of hydrogen bond which is about 10 ˜ 30 kJ/mole.
Thermal energy at RT is approximately 2.5kJ/mole, which is not sufficient. Potential sources of the energy
to surmount the hydrogen bond energy are UV energy when the surface of the mineral is directly exposed to
the sun light, and flow of water molecules around the mineral surface due to tide cycle. The strength of UV
rapidly weakens as the depth of sea water increases due to absorption. On the other hand, covalent bond is
much stronger (400 ˜ 500 kJ/mole) compared with hydrogen bond, thus it is unlikely to easily break up due
to tidal cycle. Higher energy source like lightning is required.

Growth rate of single strand of RNA polymer is linearly proportional to the concentration of the nucleotides,
so if the concentration is high and a suitable abiotic catalyst is available, it may grow to a functional RNA.
However, it is statistically unlikely to have the second polymer with the same sequence nearby. On the other
hand, if a functional RNA undergoes the self-replication, multiple copies of the polymer are available for
assisting chemical reactions. For the functional RNA to take hold, many copies of the polymer are needed.

The first functional RNAs were likely to be biotic catalysts (ribozymes) that engaged in accelerating the
formation of themselves through formation of nucleotides from the subunits and self-replication of the nu-
cleotides and the polymers. These catalysts replaced the abiotic catalysts such as minerals, were much more
efficient and allowed the reactions to take place at various places besides tideland and estuary and were
different from enzymes that were proteins and formed with help of RNA in a later stage of evolution. Over
many years, some RNAs self-replicated and evolved to a variety of functional RNAs. At some later stages
of evolution, DNA and proteins were formed with help of RNA and took over the jobs of storing genetic
information and driving chemical reactions, respectively.

There are competitive hypotheses of the origin of life in literature [15]. Hydro vent in deep ocean bed where
life started as a simple metabolic process and hot spring where fresh water contributed for the formation of
original life form of proto cells. These hypotheses are plausible in some respects but not in others [16]. We
think that these places are occupied later stage of evolution of life by adaptation.
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