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Prebiotic reactions describe how biomolecules such as ribose, was synthesized and protected from degradation,
nucleobases generated from HCN oligomers and other derivatives including prebiotic RNA (preRNA) were formed
at the given circumstances. Prebiotic conditions remained a subject of debate, but a reasonable aspect to consider
is that tetrahedral structure shaping biomolecules consisted almost exclusively of elements belonging to the
CHNOPS group in the periodic table, where capital letters correspond to the elements of carbon, hydrogen,
nitrogen, oxygen, phosphorus and sulfur. Intermediary steps in the formose reaction network contain aldol
condensation, aldose-ketose isomerizations, producing C3 - C6 carbohydrates including pentoses. The generation
of genetic material could have developed from the formose reaction to ribose and further to non-genetic prebiotic
RNA (preRNA) [1-9]. Consecutive reactions of this pathway are not known. Those known abiotic chemical
reactions were selected that could have resulted in preRNA and genetic RNA (genRNA).

Processes generating primitive life on Earth consisted of three successive stages:

/) abiotic reactions generating organic molecules,

i) formation of molecular aggregates showing primitive metabolism,

iif) development of primitive cells and organisms resembling those that exist today. Only cellular life is known that
adapted in every aspect to conditions that exist only on Earth. Here only the 1st stage, the abiotic phase is dealt
with.

Prebiotic conditions remained subjects of debate ranging from a strong reductive to a strong oxidative climate. Our
theory is based on a mildly reductive atmosphere that could have existed at the beginning of life some 4.3 -4.5
billion years ago, much before the Great Oxidation Event that took place much later 2.3 - 2.5 billion years ago.

During the abiotic synthesis of organic molecules, ribose was selected as the precursor to life.

formose reaction system formation of carbohydrates fitting aldopentoses selection of ribose

preRNA genRNA

| 1. Prebiotic Synthesis of Ribose

The oligomerization of formaldehyde is the traditional way to carbohydrate synthesis through the formose reaction
resulting in a mixture of sugars of aldoses and ketoses of different chain lengths from trioses to hexoses LI23]4],
The formose reaction is regarded as an autocatalytic self-condensation cycle & being autocatalytic in the formation
of C2 and C3 sugars of glycolaldehyde and glyceraldehydes due to retro aldol reactions, that follow the initial

synthesis from formaldehyde and, respectively glyceraldehyde, thus enhancing the stoichiometry of their formation.
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The formose reaction starts with the dimerization of formaldehyde followed by C2 to C6 saccharide formation. The
origin of life is traced back to pentoses generated from mixtures of formaldehyde (C1), glyceraldehyde (C2),
glyceraldehyde (C3), dihydroxyacetone (C3), aldoses (C2—C6), and ketoses (C2—C4) as well as minerals derived
from boric acid (B(OH)3)). The formose reaction creates a mixture of sugars with varying sizes and shapes, of
which ribose makes up less than 1%. Albert Eschenmoser’s group could significantly increase the yield of pentoses
from the formose reaction by starting with formaldehyde and glycerolphosphate, which delivered up to 23%
racemic ribose-2,4-diphosphate €. Thus Eschenmoser has proposed an alternative “glyoxylate scenario”, where
glyoxylate [ and its formal dimer, dihydroxyfumarate, were intended to be the central starting materials of a
chemical constitution of primordial metabolism. These compounds served as sources for the formation of biogenic
molecules such as sugars, including ribose. The selective formation of ketoses in the “glyoxylate scenario”, stands
in stark contrast to the formose reaction, where a complex mixture of linear and branched aldoses and ketoses are
produced and could constitute a pathway for the formation of carbohydrates. The two views of ribose formation
advocate opposite sides of a research controversy. The reason why the formose reaction is favoured is given

below.

Although, in the formose reaction at lower temperatures hexoses were synthesized in negligible yields but at a
higher temperature (~200 °C) among pentoses ribose and ketoses resulted in a much higher proportion &l The
missing selectivity for specific monosaccharide formation was one of the major problems of the formose reaction in
the context of the origin of life B9 The formose reaction encapsulated inside vesicles produced pentoses in
65% vyield, which is much higher than the synthesis of C-5-monosaccharides under conventional conditions 21,
The same authors described that the system inside the vesicles as lipid-bound protometabolic units synthesizes
complex carbohydrates and represents a fascinating example of an artificial cell capable of communication with
natural cells [15]. Since ribose can be further transformed into flexible nucleotides where the intramolecular free
rotation of functional groups is allowed and nucleotides can be polymerized to a genetic molecule 12, The
selective reactions favor the formose origin of ribose. Figure 1 shows ribose synthesis through the formose

reaction.
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Figure 1. [-d-ribose synthesis in the formose reaction. Two formaldehyde molecules (a) condensed to

glycolaldehyde (b). The subsequent aldol condensation is forming glyceraldehyde (c), which undergoes a ketose-
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aldose isomerization (d). Glyceraldehyde reacts with glycolaldehyde to bring about pentulose (e). Selective
isomerization takes place between pentulose (e) and d-ribose (f), favouring the nucleophilic addition reaction of d-

ribose (g) and ring formation to [3-d-ribose (h).

It deserves to be mentioned in this context that the formose reaction does not deliver d-ribose enantioselectively,

but only racemic ribose. d-ribose depicted here (for clarity purposes) is the natural enantiomer of abiotic origin.

In nucleotides containing arabinose, xylose, or lyxose, the C2-OH or the C3-OH and the C5-OH groups are in the
opposite orientation of the furanose ring substituents causing steric interference caused by the vicinity of the large
base and/or the C5-OH group (Eigure 1le). After ring formation in -d-ribose all substituents are as far from each

other as possible. The juxtaposed position of substituents (Figure 1h) provides free rotation of the substituents of 3-

d-ribose and high stability to the molecule. The conformers originating from sugar pucker folding as well as pentose
configurations indicated that the selection of ribose was not a random process, but the only possible solution. (3-d-
ribose perfectly fits into functional nucleic acids, whereas other pentoses cause steric hindrances 123l. Thus for the

formation of a flexible RNA chain, only B-d-ribose turned out to be suitable (Figure 2).
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Figure 2. Selection of 3-d-ribose as the best fitting pentose in the nucleotide structure. Irrespective of the formose
or glyoxylate origin of ribose and the improved production of pentoses did not answer the question of why
pentoses, particularly ribose, were selected as the exclusive sugar component of the genetic material. Molecular
modeling revealed that free rotation of functional groups (OH, phosphate, nucleobase) of ribose inside nucleotides
takes place only in B-d-ribose. (A/a), confirmed in (B/a). The free rotation of functional groups of the beta anomer
of arabinose is hindered by its 2-OH moiety (A/c). As far as the alpha anomers of pentoses are concerned, the
bulky bases are too close to the sugar and would not allow its free rotation (A/b,d). (B) panels confirm that free
rotation of the substituents is permitted only in B-d-ribose (B/a) but not in arabinose, xylose, or lyxose (B/b,c,d).
The free movement of functional groups of ribose turned out to be essential to provide maximal flexibility of RNA
and to secure the stability and base pairing of deoxyribose in double-stranded DNA (C). Double helix formation is
possible only in (-d-deoxyribonucleotides (C/a) but not between the a-d-deoxyribonucleotide pairs where the
nucleobases are not perpendicular to the axis of the helix and will prevent hydrogen bonding between bases (C/b).
With permission 121,

It should be also noted in this context that modeling with d-pentoses could also be modeled with I-pentoses and

would yield identical energies and shapes, if not enantiomeric, provided that no mixture of d and | enantiomers
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were permitted 131, However, the mirror image I-ribose is not found in nature 141,

| 2. Prebiotic Synthesis of Purine and Pyrimidine Nucleobases

The prebiotic synthesis of purine nucleobases under primitive Earth conditions [24] and the prebiotic pyrimidine
synthesis started from cyanoacethylene (HC=CCN) and cyanate (NCO~) 28], Cyanyl (NCO) does not exist except
under extreme vacuum conditions or in the cosmos, since it is a radical. The neutral, moderately stable compound
is isocyanic acid (HNCO) . Isocyanic acid forms upon strong heating of urea that eliminates ammonia to give
isocyanic acid as a highly reactive liquid or gas. Ammonia and isocyanic acid can produce a quite volatile salt,
ammonium cyanate. Cyanate as a sodium, potassium (or other metal cation) salt is more stable, but much less
reactive, too. The chemical stability of the nitrogen-containing heterocyclic nucleobases suggests that they were
among the first stable prebiotic molecules that have been formed by using HCN as the primary precursor. Less

attention is paid here to the synthesis of nucleobases as it does not belong to the major focus of this study.
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