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Abstract

This paper presents in a concise way the main characteristics of life from the physical point of view and the
most successful theories of biogenesis, together with a mathematical formulation and simulation of proto-
biogenesis.

Part 1 is a state-of the-art report on the genetic foundations (genetic code, DNA, RNA, protein synthesis), the
building blocks (amino acids, nucleobases), the structure and hierarchy of life (cells, tree of life) and the
chemistry of life (metabolic pathways).

Part 2 describes the evolution of terrestrial life according to the current knowledge. For the first three stages
(extra-terrestrial prebiotic synthesis, prebiotic evolution, proto-PNA-RNA world) plausible scenarios are
presented, for the next two stages (LUCA, DNA world) the evolution is described according to our current
knowledge.

Part 3 presents the mathematical formulation and simulation of the genetic proto-code model based on an
empirical reaction model developed for life chemistry. Here the transition from the prebiotic chemistry to the
first life cycle is calculated for two realistic scenarios: hydrothermal vent and lipid-bubbles.
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1 Main characteristics of terrestrial life
Terrestrial life can be roughly subdivided into 3 levels, with growing complexity
Molecular life
Quasi-species (proposed by Manfred Eigen) are molecular assemblies of related macro-molecules which
consume a constant energy flow (e.g. iron-sulfur-cycle), evolve into more complex and more adaptable systems
with survival-evolution as the driving force, e.g. Otto’s self-replicating aminoacid-nucleobase-compounds.
It is assumed that pre-biotic life functioned in this way, presumably contained in some sort of membranes, e.g.
self-replicating Dworkin-bubbles
Encoded-replication life
Species of cellular (bacteria, archaea) and non-cellular (viruses) living beings have their protein-synthesis
encoded in DNA (for retro-viruses in RNA). The RNA-controlled protein production generates proteins, which
control life functions: food intake and energy production, reproduction.
Multi-cellular life
A multicellular organism consists of an assembly of genetically identical cells cooperating under central
control.
The basic life functions are carried out in the cells, but there is a central chemical coordination (enzymes), a
central food intake and energy-carrier production (normally sugars), a central reproduction apparatus, and some
sort of a nervous system (sensory input, goal-oriented data processing with goal=individual survival, species
survival, actor-output=movement and chemical output=enzymes).

Central life functions
energy conversion(catabolic reaction)
build-up of biomolecules with energy consumption (anabolic reaction)

catabolic reaction: e.g. reverse acetogenesis with sulphate reduction, catalyzed by
AMP=adenine monophosphate

anabolic reaction: e.g. photosynthesis of sugars, catalyzed by NADP
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Biomolecules are built in a hierarchical structure with increasing complexity
■ precursors (M.W.=30±15), such as CO2, H2O, NH3 obtained from the environment
■ metabolic intermediates (M.W. =150±100), such as acetates, keto acids, methanol, simple esters
■ building block biomolecules (M.W. =300±150) : mono-sugars(glucose), amino acids, fatty acids, isoprenes,
nucleotides
■ biomacromolecules (M.W. ~104 ), formed by linkage via covalent bonds from building blocks, they fall into
five distinct classes: polysaccharides, lipid bilayers, terpenes(rubber), proteins, nucleic acids
■ supramolecular structures (particle weight 107 ) such as proteosome, ribosomes, and chromosomes.

Fundamental properties of biomolecules
Energy and distance in biomolecule bonds
chemical force description energy(kJ/mol) distance(nm)
van der Waals induced electronic 0.4 - 4.0 0.2
hydrogen bond covalent bonded H 12 - 38 0.15 - 0.30
ionic bond charge attraction ~20 0.25
hydrophobic sticking together in water ~25
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N 3h
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Simple alcohols
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Biochemical reactions are enzyme-catalyzed and anabolic (building of biomolecules with energy
consumption) and catabolic (energy production like photosynthesis, reverse acetogenesis)
They fall into one of six general categories:
-- oxidation and reduction,
-- functional group transfer,
-- hydrolysis,
-- reaction that forms or breaks carbon—carbon bond,
-- reaction that rearranges the bond structure around one or more carbons,
-- reaction in which two molecules condense with elimination of water.
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1.1 DNA

DNA(desoxyribonucleid acid) is a double helix of paired nucleotides A-T (adenine-thymine) and

G-C(guanine-cytosine) of sugars (ribose) and phosphate groups joined by ester bonds . [1]
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The genetic code consists of three-letter 'words' called codons formed from a sequence of three nucleotides (e.g.
ACT, CAG, TTT).
These encode the twenty standard aminoacids, giving most aminoacids more than one possible codon.
In transcription, the codons of a gene are copied into messenger RNA by RNA polymerase. This RNA copy is
then decoded by a ribosome (eukaryote organelle) that reads the RNA sequence by base-pairing the messenger
RNA to transfer RNA, which carries aminoacids.
In DNA replication, a DNA-dependent DNA polymerase makes a DNA copy of a DNA sequence.

Genetic code
The genetic code is the set of rules used by living cells to translate information encoded within genetic material
(DNA or mRNA sequences of nucleotide triplets, or codons) into proteins.
It is a 4x3-code: each of the 3 positions is occupied by one of the 4 nucleotides, so the code has 43=64
possibilities.
The translation of an mRNA begins with the codon AUG, and a special tRNA is required to start translation.
The end of the protein-coding message (gene) is signaled by the presence of one of three stop codons (UAA,
UAG, or UGA).
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1.2 RNA

RNA (ribonucleid acid) is, like DNA, a polymer of nucleotides. Each nucleotide consists of a nucleobase , a
ribose sugar, and a phosphate [1].
RNA is very similar to DNA, but differs in several important points:
■RNA is usually single stranded, while DNA is usually double stranded 
■RNA nucleotides contain ribose while DNA contains desoxyribose (ribose lacking one oxygen), and in RNA   
uracil U substitutes for thymine T.
■The hydroxyl group makes RNA less stable than DNA: it is more prone to hydrolysis. 

Each nucleotide in RNA contains a ribose sugar, with carbons numbered 1' through 5'. A nucleobase is attached
to the 1' position: A, C, G, or U. A phosphate group is attached to the 3' position of one ribose and the 5'
position of the next.

RNA is transcribed from DNA by enzymes RNA polymerases .
RNA is controls the translation of genes into proteins. A type of RNA called messenger RNA (mRNA) carries
gene information from DNA to ribosomes. The ribosomes are complexes of proteins and ribosomal RNA
(rRNA), which controls the protein synthesis. The protein synthesis is carried-out by transfer RNA (tRNA),
which transfers a specific aminoacid to a growing protein chain.
Micro RNA (miRNA) are found in eukaryotes and act through RNA interference: they block or activate gene
translation for specific genes.

1.3 Gene translation

Translation is the process in which ribosomes in the cytoplasm or endoplasmic reticulum synthesize proteins
after the process of transcription of DNA to RNA .



8
Translation proceeds in three phases:
Initiation: The ribosome assembles around the target mRNA. The first tRNA is attached at the start codon.
Elongation: The tRNA transfers an aminoacid to the tRNA corresponding to the next codon. The ribosome then
moves (translocates) to the next mRNA codon to continue the process, creating an aminoacid chain.
Termination: When a peptidyl tRNA encounters a stop codon, then the ribosome folds the polypeptide into its
final structure.

[1]
The actual coupling between tRNA and its corresponding aminoacid is carried out by the corresponding
enzyme aaRS (aminoacyl-tRNA synthetase or tRNA-ligase).
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1.4 Amino acids and nucleotides: molecular fundament of life

22 aminoacids
20 proteinogenic aminoacids are used in eukaryotes and coded in DNA/RNA
essential aminoacids are not synthesized in humans and must be supplied in food
2 non-essential aminoacids are used in archaea and bacteria only and coded by the stop-codons UAG and UGA

Essential Conditionally essential Non-essential

Histidine (H) Arginine (R) Selenocysteine (U)

Isoleucine (I) Cysteine (C) Pyrrolysine* (O)

Leucine (L) Glutamine (Q)

Lysine (K) Glycine (G)

Methionine (M) Proline (P)

Phenylalanine (F) Tyrosine (Y)

Threonine (T) Alanine (A)

Tryptophan (W) Aspartic acid (D)

Valine (V) Asparagine (N)

Glutamic acid (E)

Serine (S)

5 nucleotides: 2 purines A G , 3 pyrimidines U C T
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1.5 Cells

The cell is the basic structural, functional, and biological unit of all living (terrestrial) organisms, except
virusses. Cells are the smallest unit of life that can replicate independently.

[2]

Major features of eukaryotic cells [3]
Eukaryotic cells contain a nucleus enclosed within membranes and membrane-bound organelles such as
mitochondria and the Golgi apparatus, and in addition, some cells of plants and algae contain chloroplasts ().
Unlike unicellular archaea and bacteria, eukaryotes may also be multicellular and include organisms consisting
of many cell types forming different kinds of tissue. Animals and plants are the most familiar eukaryotes.
Eukaryotes can reproduce both asexually through mitosis and sexually through meiosis and gamete fusion. In
mitosis, one cell divides to produce two genetically identical cells. In meiosis, DNA replication is followed by
two rounds of cell division to produce four haploid daughter cells. These act as sex cells (gametes). Each
gamete has just one set of chromosomes, each a unique mix of the corresponding pair of parental chromosomes
resulting from genetic recombination during meiosis.
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[2]
Scheme of an animal cell

Scheme of a plant cell
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Scheme of a fungal hyphae cell: 1 – hyphal wall, 2 – septum, 3 – mitochondrion, 4 – vacuole, 5 – ergosterol
crystal, 6 – ribosome, 7 – nucleus, 8 – endoplasmic reticulum, 9 – lipid body, 10 – plasma membrane, 11 –
spitzenkörper, 12 – Golgi apparatus
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All cells share common features:
■ the genetic code is stored in the DNA, a codon (3 nucleobases) codes one aminoacid, a gene codes (basically) 
one protein

■ cells replicate their genetic information: the DNA is copied by DNA-polymerase

■ cells use proteins (enzymes) as catalysts of chemical reactions to create their main constituents: membranes, 
proteins, nucleid acids

■ cells use energy sources (food) to generate energy (catabolism) in order to create proteins, to move, and to
replicate (anabolism)

■ cells translate genes from the DNA into proteins using different RNA’s 

■ Genes are located on chromosomes 
The number of genes is minimum 500 and up to 40000
virusses have 4-80 genes
bacteria and archea have 1000-6000 genes
eukaryotes 6000-40000
humans 21000
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The number of chromosomes varies from 1 circular (prokaryotes) to several dozens (eukaryotes)

The 23 human chromosomes

■ genes mutate and form new genes (genetic innovation) 
Genetic innovation
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1. Intragenic mutation: an existing gene can be randomly modified by changes in its DNA sequence
2. Gene duplication: an existing gene can be accidentally duplicated so as to create a pair of initially identical
genes within a single cell; these two genes may then diverge in the course of evolution.
3. DNA segment shuffling: two or more existing genes can break and rejoin to make a hybrid gene consisting of
DNA segments that originally belonged to separate genes.
4. Horizontal (intercellular) transfer: a piece of DNA can be transferred from the genome of one cell to that of
another—even to that of another species.

[3]
■ cells reproduce sexually or asexually 
sexual: haploid gametes, fertilization, meiosis

asexual: fission, budding(prokaryotes), vegetative(plants)

■ cells evolve through gene evolution within a species and group into new species 
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[3]
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1.6 Tree of life

The non-viral organisms separate into bacteria, archaea , eukarytes

Phylogenetic tree of life (based on rDNA) [4]

Timeline of life

Crucial events: [4,5,6]
planet Earth formed -4540 My
Moon formed from impact -4500My

CT extinction -65
Permian extinction -250

first land plants & animals -450
vertebrates -525 animals -580

algae on land -1200

multicellulars -1700
eukaryotes -1850

earliest oxygen -3500 methane sulfur cyano bacteria -3500

late heavy bombardment -4000 ...-3800
bacteria & archaea -3800
LUCA -4000
RNA proto-ribosome -4250
crust and oceans form -4400
Moon forms from impact -4500
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oceans and crust formed -4400 My
RNA , proto-ribosome .-4250 My (biogenic 13C/12C ratio in zircon)
LUCA -4000 My
bacteria & archaea -3800 My
methane- sulfur- cyano-bacteria -3500 My
eukaryotes -1850 My
multicellulars -1700 My
animals -580My
vertebrates -525 My
land plants & animals -450 My

Research methods
1 Archaeo-biology: evaluation of fossils, biochemical and isotope analysis of micro-fossils, especially of
zirconites, also analysis of extraterrestrial materials (meterorites)
2 Chemical simulation of prebiotic processes: prebiotic soups with different composition and physical
conditions
3 Analysis of metabolic cycles in the living world with the goal of finding the most ancient and basic energy
supply mechanisms
4 DNA and RNA analysis: determination of evolution relationships, the timeline can be calculated via known
mutation rates, determination of elementary genotypes (e.g. LUCA)
5 Chemical simulation of protein synthesis with different RNA variants, also with non-biological RNA and
amino acids
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1.7 Metabolic pathways of life

The pathways described here are of 3 types: prebiotic (pre-life generation of macro-molecules like aminoacids,
nucleotides, sugars), anabolic (production of macro-molecules from building blocks with energy input) and
catabolic (breakdown of nutrient molecules with energy production).
Catabolic pathways involve the breakdown of nutrient molecules or harmful molecules into usable forms
(building blocks). In this process, energy is either stored in energy molecules for later use, or released as heat.
Anabolic pathways build new molecules, and these pathways typically use energy. The new molecules built via
anabolic pathways (macro-molecules) are useful for building cell structures and maintaining the cell.

Anabolic, catabolic pathways
Wood-Ljungdahl (aceto-genesis)

ATPacetateacetylCoA
CO

proteinCH
formateCOH 
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This ana-catabolic reaction reduces carbon dioxide and H-ions or hydrogen in boiling-hot water to
acetyl-coenzymeA (acetyl-CoA) and then to acetate and ATP (adenosine tri-phosphate, an energy-carriers in
life-chemistry). It runs in hydrothermal vents and in volcanic pools and caverns. It was the energy-cycle used
by LUCA (Last Common Ancestor). [9,7]
Citric acid cycle
This catabolic cycle consumes acetate (in the form of acetyl-CoA) and water, reduces NAD+ to NADH, and
produces carbon dioxide, energy is transferred via NADH (nicotinamide adenine dinucleotide, an energy
carrier) to oxidative phosphorylation (electron transport) pathway. [9]

22 CONADHNADOHCoAacetyl  

The citric acid cycle together with the oxidative phosphorylation is the main energy cycle running in the
eukaryotic mitochondria.
Glycolysis
One of the primary sources of acetyl-CoA is from the breakdown of sugars by (catabolic) glycolysis which
yield pyruvate (CH3COCOOH) that in turn is decarboxylated by the pyruvate dehydrogenase complex
generating acetyl-CoA according to the following reaction scheme:

2CONADHCoAacetylSNADCoAHSpyruvate  

Oxidative phosphorylation
This catabolic reaction is summarized as
1/2 O2+ NADH + H+ → H2O + NAD+ +1.14eV
It is the main way of energy production in prokaryotes and in eukaryotic mitochondria.
Reverse acetogenesis with sulfate reduction

PATPOHHSAMPHSOH 244 2

2

42  

This catabolic reaction reduces sulfur dioxyde to hydrogen sulfide and transfers energy via AMP/ATP
cycle [9].
It is used by sulfur bacteria in hydrothermal vents.
Photosynthesis
This important anabolic reaction using photonic energy is the energy source in plants and cyanobacteria.
The general equation for photosynthesis is
CO2 + 2H2A + photons → [CH2O] + 2A + H2O
carbon dioxide + electron donor + light energy → carbohydrate + oxidized electron donor + water 
In green plants and cyanobacteria the energy-generating part of the reaction is [3]
2 H2O + 2 NADP+ + 3 ADP + 3 Pi + light → 2 NADPH + 2 H+ + 3 ATP + O2

Prebiotic pathways
Formose reaction
The prebiotic formose reaction produces higher sugars (ribose, pentose) from formalehyde catalyzed by
calcium ions in an alkaline medium. [9]

ribose
OHCa

deformaldehy 



2)(
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It is a prebiotic reaction involved in RNA synthesis.
Pyrite reaction
The pyrite (FeS) reaction yields energy and free electrons

  eHFeSSHFeS 2222 +41kJ/mol

and has been demonstrated to run under volcanic pool and hydrothermal vent conditions.
It is a prebiotic purely anorganic reaction, which has been proposed as the primeval energy source in the iron-
sulfur-world hypothesis of Wächtershäuser.
Methanogenesis from carbon dioxide
The methane synthesis from carbon dioxide by hydrogenation

OHCHHCO 2422 24  +165kJ/mol

(Sabatier reaction) is used at high pressure, 400°C and with nickel catalyzer in the industry for methane
production.
Archeans in the “deep biosphere” (subterranean rocks, sub-marine crust) use this reaction as energy source
[54].

Prebiotic nucleotide synthesis
Synthesis of purines (A,G): [9,15,16]
From cyan HCN diaminomaleodinitrile (DAMD) is formed:

From this adenine and guanine is created
adenineHCNUVlightDAMD 

guanineOHHCNUVlightDAMD  2

Synthesis of pyrimidines (U,C) [14,15]
The pyrimidines are formed from simple prebiotic cyan- and glycol-carrying molecules and phosphate, which
are plausible prebiotic feedstock molecules, and the conditions of the synthesis are consistent with potential
early-Earth geochemical models

inecytosuracilphosphatedehydeglyceralalhydeglycolaldeenecyanacetylcyanamide 

Prebiotic aminoacid synthesis [17,24]
The 20 basic aminoacids can be formed from simple organic compounds under prebiotic conditions.
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2 Biogenesis

2.1 Fundamental life functions

We can summarize our knowledge about extraterrestrial organic chemistry and prebiotic and early life
biosynthesis in the following scheme of fundamental life entities.

1 Energy cycle
Energy cycle, which generates a continuous energy flow, enabling stable biochemical systems with Darwinian
evolution, competing for survival.
Terrestrial realization: pyrite reaction, later sulfate reduction and photosynthesis.

2 Enzymes
A set of potentially self-replicating polymer enzymes (terrestrial: peptides) built of elementary units
(terrestrial: aminoacids), which catalyze the energy cycle, the synthesis of other life-molecules, and replication.
Life function: catalysis of biosynthesis of non-enzymes and replication (terrestrial: replication of PNA/RNA)

3 Synthesizers
A set of synthesizer polymers (terrestrial: PNA/RNA), built of elementary units (terrestrial: nucleotides),
which synthesize the enzyme, based on (encoded by) the synthesizer structure (terrestrial: PNA/RNA genetic
code).
Life function: biosynthesis of enzymes (terrestrial peptide synthesis)

4 Mediator-enzymes
One or several mediator-enzymes (terrestrial: proto-ferredoxins), capable of initial catalysis of the energy
cycle and initial starting of synthesizer polymer replication (terrestrial: mediate self-replicating aminoacid-
nucleotide polymers).
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Scheme of fundamental life entities

enzymes
(peptides)

synthesizer replication
(PNA/RNA replication)

energy cycle
(pyrite(FeS) reaction)

enzyme synthesis
(peptide synthesis)

elementary enzymes
(aminoacids)

synthesizers
(PNA/RNA)

elementary synthesizers
(nucleobases)

precursors H2O
HCN H2S
CO2 NH3

elementary synthesis
(nucleotides ,
aminoacids)
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2.2 Scheme of life evolution

extraterrestrial aminoacids
extraterrestrial nucleotides

prebiotic soup HCN+water T=80-100C°
prebiotic aminoacid synthesis
prebiotic nucleotide synthesis
prebiotic sugar(ribose)+phospho-lipid synthesis
aminoacids → random peptides 
nucleotides→ random PNA 
proto-membranes: Dworkin-bubbles from phospho-lipids

proto-PNA/ncRNA world
proto-ribosome ncRNA peptide synthesis
energy cycle: pyrite reaction via ferredoxin
fatty acids membrane
PNA peptide synthesis:
proto-peptides with 2 aminoacids glycine prolin
1-bit PNA/RNA-code: G , C

LUCA
RNA genome ~250 genes, ribosome
energy cycle: acetogenesis+sulfate reduction
virus-like protein capsid+lipid envelope
RNA 4 nucleotides
tRNA/aaRNA protein synthesis:
proteins with 16 aminoacids
RNA replication via DNA intermediates

DNA world: bacteria archaea
DNA genetic code, RNA protein synthesis
sulfur or methane energy cycle with ATP
later: photosynthesis
lipid cell membrane
proteins with 20 aminoacids

DNA world: eukaryotes
eukaryote=
archaeon+ mitochondrion (bacterium)+nucleus

multicellulars fungi

plants

animals

RNA viruses

DNA viruses

self-replicating PNA with proto-ferredoxin
self-replicating aminoacid-nucleotides → PNA polymers 
energy cycle: pyrite reaction catalyzed by proto-ferredoxin
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2.3 Extra-terrestrial prebiotic synthesis

5 natural aminoacids have been found in meteorites: glycine, alanine and glutamic acid as well as unusual ones
like isovaline and pseudoleucine, probably all 20 natural aminoacids were brought to the early Earth by
asteroids and chondritic meteorites, they are mostly left-handed. [25]
As for nucleotides, all of the purines (adenine, guanine, hypoxanthine, and xanthine) and the one pyrimidine
(uracil) are reported in meteorites [26].

2.4 Prebiotic evolution

Miller-Urey experiment 1953 created the first prebiotic soup , modified 2011: abiotic creation of amino-acids
[13,24]

conditions:
rgedischaC,100



)()()( 32222342 HNClenecyanoacetyHCacetyleneOCHdeformaldehyHCNHNHCHOH 

pentoseribose
formose

oacidinma 
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Extraterrestrial conditions: electric discharge replaced by UV

Oro, Sutherland experiments: prebiotic nucleotides synthesis
Oro [14] . Sutherland [16] and Ritson [52] showed in experiments that hydrogen cyanide (HCN) and
cyanoacetylene(CHCNC) are the two major precursors for the prebiotic synthesis of purines and pyrimidines
under UV irradiation.
Life from HCN: Patel’s synthesis of ribonucleotides, lipids and aminoacids
Patel et al. (2015) [35] demonstrated that the building blocks of life, ribonucleotides (via precursors
glycolaldehyde and glyceraldehyde), lipid-precursors (glycerol-diphosphate) and aminoacids, can be formed
from CH4, NH3, H2S in water under UV irradiation in a “one pot” synthesis. HCN (hydrogen cyanide) and
cyanoacetylene is produced from methane CH4 and nitrogen N2 under prebiotic conditions from spark discharge
[41].

lipidsphosphotidesribonucleoinoacidsam

CUV
OHphosphatelenecyanoacetycyanamideSHHCN








100,
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input materials: hydrogen cyanide (HCN), hydrogen sulfide (H2S), cyanamide (CNNH2 , can form from
hydrogen cyanide and ammonia), cyanacetylene (CHCNC, can form from acetylene and ammonia). phosphate,
water.
scenarios: hydrothermal vents, volcanic pools under UV-radiation, volcanic pools with freezing/heating cycles
Life from HCN: aminoacids, sugars and nucleotide precursors form from HCN in water
Das et al.(2019) [41] carried out Hartree-Fock chemical simulations and experiments in a nanoreactor with
HCN and water at T=80-100°C . They showed that under these condition without UV important life molecule
precursors arise: the simplest amino acid glycine, and the RNA precursors the sugar glycoaldehyde (COH-
CH2-COOH), cyanamide (a precursor in the Patel synthesis) and cyan-amine-oxazole (purine precursor, penta-
ring CH-N-CNH2-CNC-O).
input materials: hydrogen cyanide (HCN), water T=80-100°C, possibly with pyrite reaction as energy source
scenarios: hot volcanic pools, volcanic pools with freezing/heating cycles

Iron-sulfur world (Wächtershäuser)
Wächtershäuser [38] proposed that early life may have formed on the surface of iron sulfide minerals, where
the primary source of energy is the pyrite (FeS2) reaction yielding energy and free electrons [40]

  eHFeSSHFeS 2222 +41kJ/mol

which has been demonstrated under volcanic pool and hydrothermal vent conditions.
Possible biosynthetic products are
thioacetic acid (CH3-CO-SH) as a progenitor of acetyl-CoA
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aminoacids glycolate/glycine, lactate/alanine, glycerate/serine as well as pyruvic acid (energy source in
glycolysis).
Recently it has been shown that this process is coupled to the reduction of CO2 to CH4 (metanogenesis) and
used in the deep sea biosphere as bio-energy source by at least one archaeon and five bacterial species [40].
In presence of CO2 at 75°C under anaerobic conditions in water this reaction yields also thiols, CS2 and
dimethyldisulfide [63].

PNA nucleotides (Miller 2000)
PNA in the form of (A,G,U,C)-acetate nucleotides with the amino-acid N-(2-aminoethyl)glycine (AEG)
replacing ribose-phosphate in RNA can bind to peptides and to DNA, and polymerizes readily at 100°C, can
form a double-strand and is stable against hydrolysis (as opposed to RNA).[27]
AEG is produced by cyanobacteria: it is still present in the life chemistry.
Furthermore, under electric discharge NH4CN polymerization for ethylenediamine (ED) and AEG is possible,
so both AEG and ED are prebiotic materials.

The basic AEG-amino-acid glycine initiates the synthesis of purine-acetates and its derivate hydantoic acid
initiates the synthesis of pyramidine-acetates: [27]

acetateGacetateA
rgedischa

glycineHCNNH 


3

acetateCacetateU
rgedischa

urealdehydecyanoacetachydantoica 




PNA binds to DNA-oligomers and form PNA-DNA double-strands, which bind selectively to the
corresponding mRNA-sequences and interfere in the peptide synthesis [12]. PNA-DNA-complexes form
peptide-bonds with proteogenic aminoacids, depending on the associated nucleotide.
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So basically, PNA-DNA or PNA-RNA double-strands can serve as vehicles for controlled peptide-synthesis
from the 22 basic proteogenic amino acids.
Furthermore, PNA-DNA-complexes reproduce within lipid-bubbles, forming a sort of synthetic life.

Self-replicating aminoacid-nucleotide polymers (Otto et al. 2020)
In a seminal experiment the amino acids and nucleobases linked together into ring-shaped molecules [37]. Sets
of these rings then assembled into cylindrical stacks.
Otto et al. have constructed molecular networks based on thiol–disulfide chemistry. Three families of relatively
simple dithiol building blocks were prepared featuring peptides or amino-acid nucleobase conjugates.
A thiol is any organosulfur compound of the form R-SH , where R is an alkyl, i.e. C-H ring or chain.
Oxidizing (mixtures of) these dithiols generates mixtures of macrocyclic disulfides with different compositions
and ring sizes, which interconvert through reaction of the disulfides with residual thiolate anion.
The stacks could copy themselves by somehow encouraging other rings to stack together in the same way. The
mixture had to be shaken for this to work, but otherwise Otto’s team didn’t have to intervene.
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(a) Building block Structures; (b) Oxidation of these dithiol building blocks gives rise to dynamic combinatorial
libraries of macrocyclic disulfides; (c) Assembly of a specific ring size into stacks leads to the autocatalytic
formation of more of these rings through a fiber growth-breakage cycle

Prebiotic proto-PNA based on ferredoxin (Raanan 2020)
Recently, Raanan et al [39] showed that there is a simple prebiotic precursor peptide of ferredoxins, which bind
to iron-sulfur compounds (i.e. can catalyze the pyrite reaction of the iron-sulfur world) and the so called
Rossmann-fold-peptides, which can bind to nucleotides (i.e. can form a PNA).
Ferredoxins are small proteins containing FeS-clusters, they act as an electron transfer agent in biological redox
reactions: in anaerobic bacteria e.g. in air nitrogen fixation, and in photosynthesis.
Consequently, Raanan’s proto-ferredoxin is capable of catalyzing a pre-biotic energy cycle (the pyrite reaction)
and can bind to nucleotides and amino-acids, i.e. it can presumably serve as building block in self-replicating
aminoacid-nucleotide polymers like Otto’s dithiol.

Chirality
The extraterrestrial aminoacids are predominantly left-handed. In terrestrial life chemistry, aminoacids are left-
handed, nucleotides are right-handed (in its sugar part). It is well-known that right-handed tRNA handles left-
handed aminoacids and vice versa. Therefore, it is plausible that peptide chemistry on Earth was initiated by
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extraterrestrial aminoacids, and the left-handed variants gradually eliminated the less common right-handed
variants.

Membranes
Dworkin-bubbles
A 2001 experiment led by Jason Dworkin [31] subjected a frozen mixture of water, methanol, ammonia and
carbon monoxide to UV radiation, mimicking conditions found in an extraterrestrial environment or freezing-
thawing cycles in terrestrial volcanic pools.

bubblescamphiphili
freezingUV

CONHOH
,
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This combination yielded large amounts of organic amphiphilic compounds (like aliphatic hydrocarbons in the
Murchison meteorite) that self-organized to form bubbles or micelles when immersed in water. The bubbles
produced in these experiments were between 10 to 40 um, or about the size of red blood cells. Remarkably, the
bubbles fluoresced, when exposed to UV light, so they could have been a precursor to primitive photosynthesis.
Proto-membranes from fatty acids
The membranes of the first protocells on the early Earth were likely self-assembled from prebiotic
extraterrestrial fatty acids, but these mebranes are unstable in salty water. Caitlin et al. showed 2019 that a set
of unmodified, prebiotic amino acids binds to prebiotic fatty acid membranes and that a subset stabilizes
membranes in the presence of salt and Mg2+ [32]. Especially effective is here the hydrophobic amino acid
leucine.
Co-evolving and proliferating lipid vesicles and peptides
A recent experiment by Mayer and Schreiber [62] , which mimics the conditions in volcanic rock cavities,
shows that under pressure (100bar) and high temperature (120°C) in presence of CO2 in water, spontaneous
formation and co-evolution of lipid vesicles and interacting oligopeptides takes place. The membranes form
from the lipids of octadecylamine and octanoic acid, and peptide chains with up to 8 molecules build-up from
added amino acids.
Castro et al. [67] found that lipid vesicles with a diameter of 10-20μm periodically  bud and divide within a 
time of t=1300-1500s, under supply of precursor lipids and in presence of a copper catalyzer.
Kudella et al. [68] showed that lipid vesicles with a diameter of d~50μm divide under thermal heating by 
convection with periods around t=350s .

Prebiotic conditions on Earth
Early prebiotic soup experiments (e.g. Miller- Urey) postulated a reducing early Earth atmosphere rich in CH4
and NH3 . Recent research based on ancient zircons (~4.4Gy) showed that the early atmosphere consisted of
~90% N2 and ~10% CO2, with low contents of CH4, NH3 and HCN [49]. However, outgassing from chondrite
meteorites must have released large quantities of CH4 , NH3 and also HCN [50]. These gasses are destroyed by
UV radiation, but Ranjan et al. [51] showed that 10% CO2 was sufficient to protect CH4 and HCN from
photolysis at the Earth surface, furthermore both are easily solvable in water. So in water, there was enough
CH4, NH3 and HCN to support a prebiotic evolution. At temperatures around 0°C and pH~9 , steady-state
HCN concentration of 2 10-6 in the early ocean has been estimated [41].
Furthermore hydrothermal vents were probably a powerful source of aquatic and atmospheric NH3, CO, CH4,
and H2 on early Earth.[53]
There is evidence from ancient zircons [50, 51] that the surface temperature was at ~4.4Gy low enough for
liquid water, and that Earth was basically a water planet before the begin of plate tectonics, with volcanic
islands emerging from the ocean. As the young Sun produced much less radiation than at present, the moderate
temperature on early Earth also supports a high CO2 content of ~10%.
The temperature in volcanic surface water were 80°-100°C, as today, which enable HCN chemistry with energy
barrier around 40kcal/mol (167kJ/mol) [41]. Furthermore, pH values in the early oceans are estimated to 8..9,
which allows HCN to stay undissociated (pKa=9.31) and stable in solution [41].
Research on effects of lightning and bolide impacts on early Earth has shown that in these events HCN is
produced in large quantities from CH4-NH3 and also from CO-N2-H2O (here by a factor 1000 less) [50].
Zahnle [50] showed that HCN can be produced in high yields photochemically from EUV photolysis of N2 in
CO2-N2 atmospheres provided that methane is present in significant amounts. These results support the
existence of HCN prebiotic chemistry, which is currently the best candidate for life precursors.
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2.5 Proto-PNA-RNA world

PNA peptide synthesis based on a proto-genetic code with 1-bit-codon (Carter-Wills 2017)
The 20 aaRS (tRNA-ligase) are central to the protein synthesis. In a seminal paper in 2017 Carter & Wills [29]
analyzed their structure and found that they separate into two distinct classes, which descend from
proto-leucine-RS and proto-histidine-RS for classI and classII respectively.
Correspondingly, the 20 proteinogenic aminoacids separate into classI (8 D-amino-acids, cysteine, glycine)
with large side chains and classII (5 A-amino-acids, 4 B-amino-acids, proline) with small side chains.
We get a proto-code with 1-bit-codon, occupied by glycine- guanine-PNA (=AEG-G) and coding for classI-
aminoacids and leucine-RS (leucine-guanine-PNA proto-ligase), or its code-complementary proline- cytosine-
PNA coding for classII-aminoacids and histidine-RS (histidine-cytosine-PNA proto-ligase) . The proto-ligases
build up the PNA-ladder, which splits at the end of the enzyme-synthesis, releasing the finished enzyme.
In the RNA-code glycine is coded GGx, and proline is coded by the code-complementary CCx .
The energy transfer was carried out probably by GTP (guanine-triphosphate) instead of the ubiquitous ATP in
today’s organisms, as only G and nucleotides were involved in protein synthesis.
The protozyme-gene for peptide synthesis via proto-RS was a bidirectional gene, which coded for proto-
leucine-RS and its complementary version coded for proto-histidine-RS . The classI ancestral aminoacid was
glycine and classII ancestral aminoacid was proline. [30]
The peptide production and reproduction for classI and classII peptides influenced each other and formed a
hypercycle.
The complexity of aaRS is about 250 aminoacids, the calculated complexity of the protozyme gene is about 40
aminoacids. [29]
Evolution of full RNA genetic code from PNA proto-genetic code

Process simulation shows, that the translation error frequency decreases strongly with the number of
letters(aminoacids), so natural selection favored increasing number of aminoacids, and also the complexity of
generated peptides, which improved their functionality in enzymes.

Rodriguez et al. showed 2015 [30] how the PNA 2x1 genetic code with 2 code letters (glycine-guanine-PNA,
proline-cytosine-PNA), 1 protozyme-gene with proto-leucine-RS and proto-histidine-RS as translation
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enzymes, 2 aminoacids (glycine, proline) , evolved into the full 4x3 RNA genetic code with 4 nucleotides
(A,G,U,C) 20 aminoacids, 20 aaRS coded by 20 rRNA genes and ribosome peptide synthesis.

proto-ribosome=ribozyme: ncRNA world
The ribozyme was a ss-circular RNA, it could form tRNA and other ribozymes:it was a a quasi-species .[34]
The ribozyme could make peptides without genetic coding, only by structural information, it could also perform
reverse transcription of RNA to DNA like the reverse viruses.
Manfred Eigen demonstrated 2013 that a mixture containing no RNA to start with but only ribonucleotides and
the Qβ replicase can under the right conditions in a test tube spontaneously generate self-replicating 
ncRNA.[34] .

PNA code 2x1
1 bit codon
2 letters Gly-G-PNA Pro-C-PNA
2 aminoacids Gly Pro
2 enzymes Leu-RS His-RS
1 bidirectional gene, length ~40 bases

full RNA code 4x3
3 bit codon
4 letters A G U C
20 aminoacids
20 enzymes aaRS
20 genes for aaRS, length ~750 bases
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2.6 LUCA

LUCA (Last Universal Common Ancestor of the three super-kingdoms of life) had: [36]
■RNA genome ~250 genes 
■ribosome  
■virus-like protein capsid+lipid envelope 
■RNA 4 nucleotides 
■proteins with 20 aminoacids 
■RNA replication via DNA intermediates  
■DNA polymerase 
■Class I: 9 aaRS 
■Class II: 7 aaRS → only 16 aminoacids 
■15 families of small subunit proteins, 18 families of large subunit proteins 
■synthesis of RNA using DNA templates 

LUCA cells was using the reverse acetogenesis pathway with sulfate reduction, it was living in hydrothermal
vents and/or hot volcanic pools.[6,10]
LUCA's genome consisted of multiple segments of RNA, which replicated via DNA intermediates in a
retrovirus-like replication cycle. This accounts both for the lack of conservation of several central components
of modern replication systems and for the presence of some other conserved components, such as, for example,
the sliding clamp, clamp-loader ATPase, and RNAse H, as well as enzymes of DNA precursor biosynthesis,
and the basal transcription machinery. It also explains, why the DNA-polymerases in bacteria and in archaea
are different.

RNA viruses
dsRNA(double-strand) viruses evolved from +RNA viruses on at least two independent occasions. [33].
Analysis based on the RdRp (RNA-dependent RNA polymerase) suggests that the last common ancestors of
the major branches of RNA viruses encoded only the RdRp and a single jelly-roll capsid protein.
+RNA-viruses (transcription in the same direction as template) originated from the ribozyme.
Genetic studies suggest that RNA viruses evolved from LUCA and are older than bacteria and archaea.
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2.7 DNA world

Bacteria and archaea
Bacteria and archaea evolved from LUCA probably 3800 million years ago. Archaea populated volcanic pools
and hydrothermal vents. Bacteria populated coastal waters.
Both developed a DNA-genome, but with different DNA polymerases. Both acquired a lipid membrane and cell
wall, but with different structure. Archaea extended the number of aminoacids (and aaRS) to 22, bacteria to 20.
The RNA replication functions via RNA polymerases (as opposed to LUCA’s RNA-DNA hybrids), but the
functionality is different.

Archaea: cell membrane contains ether linkages; cell wall lacks peptidoglycan; genes and enzymes behave
more like eukaryotes; have three RNA polymerases like eukaryotes.
Bacteria: cell membrane contains ester bonds; cell wall made of peptidoglycan; have only one RNA
polymerase.

Eukaryotes

Eukaryotes: protists, fungi, plants, animals

Eukaryotic protists emerged from a symbiosis between an archaean with a bacterium (mitochondrion). In a
similar process, eukaryotic plants acquired chloroplasts by symbiosis with a cyanobacterium.
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3 Principles and evolution of life chemistry

3.1 Chemical base of life in general

Based on current experimental and theoretical evidence, we can conclude that the proto-biotic life chemistry in
general (not only on Earth) develops in a polar liquid from one or several exothermic molecules (precursors) by
selection-evolution via two parallel prebiotic random polymerization processes from basic compounds to
catalyzers (enzymes) and synthesizers (polymer molecules which carry out template-based enzyme synthesis
based on their sequence, i.e. genetic code) fed by an energy cycle. In terrestrial life chemistry, a vesicle-based
chemistry is a precondition for a full life-cycle with bio-matter production and proliferation (see 3.8.4).
Therefore it is plausible to assume that in general there is a third class of polymers (layer-builders) produced by
the life chemistry, which form a membrane and a self-dividing vesicle.

Life chemistry and physics in general

precursors

synthesizer-elements
(nucleobases)

enzyme-elements
(amino acids)

energy cycle

energy 0.5- 5.5eV

controlled
synthesis

layer-elements
(glycol-ph.)

enzymes
(peptides)

synthesizers
(poly-nucleins)

membrane polymers
(lipids)

catalysis

stabilization

medium:liquid
(water, hydrocarbons)

T=0°C-300°C
p=1-200bar

act.energy E ~1eVa

photo-energy E ~1eV
ph

cell division

controlled division
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Alternative life-models

Carbon-nitrogen-hydrogen chemistry in water
T=0°C...150°C (P=1-100bar)
basic materials: SHFeSHCN 2

polymers: peptides, poly-nucleins
solvent: water
energy cycle: SHFeS 2 , photosynthesis

location: water-carrying planets in habitable zone

Carbon-hydrogen-oxygen chemistry in water
T=0°C...150°C (P=1-100bar)
basic materials: 342 NHCHCO 

polymers: poly-alcohols, poly-ethylene-glycols, poly-ethylene-imines
solvent:water
energy cycle: photosynthesis, OHCO 2

location: water-carrying planets in habitable zone

Carbon-hydrogen-nitrogen-sulfur chemistry in heavy hydrocarbons
T=0°C...300°C (P=1-100bar)

basic materials: 3224 NHSHCOCH 

polymers: hydrocarbons, aromatic hydrocarbons (benzene-derivates), cyclo-hydrocarbons, amino-
hydrocarbons, thio-hydrocarbons
solvent: pentane and heavy hydrocarbons CnH2n+2

energy cycle: photosynthesis ?, electrical discharge ?
location: planets with medium-range temperatures with dense atmosphere (Venus-like)

Silicon chemistry in molten rock
T=1000°C...1500°C
basic materials: MgOOAlSiO  322

polymers: polysilicates
solvent: molten silicates
energy cycle: ?
location: hot Earths

Carbon+salts compounds in liquid ammonia
T= −78 ... −33 C (P=1bar) 
T=−77 C ...98 C (P=60bar) 
solvent: liquid ammonia
basic materials: hydrocarbons, salts, organic metal complexes, organic carbon compounds NHC 
polymers: complex hydrocarbons with oxyl- , amino- and metal-radicals
energy cycle: photosynthesis ?, tidal heating ?
location: Titan-like planets

Carbon compounds in liquid ethane-methane
T= −183 ... −89 C (P=1bar) 
solvent: liquid ethane-methane
energy cycle: photosynthesis ?, tidal heating ?
basic materials: organic carbon compounds NHC 
polymers: complex hydrocarbons with oxyl- , amino-radicals
membrane (computer-modeled in February 2015): acrylonitrile similar to a phospholipid bilayer
location: Titan-like planets



37
3.2 Principles of terrestrial life chemistry

In the case of the terrestrial life, the process took place probably from the precursor molecules {HCN , H2} in
water via prebiotic synthesis of amino acids and nucleobases under UV-radiation, and then parallel
polymerization to catalyzers (poly-peptide enzymes) and synthesizers (peptide-nucleotides PNA) fed by the
pyrite energy cycle (see flowchart ‘random prebiotic chemistry’).
The polymers poly-peptides and PNA are not very stable, especially in acidic water and temperatures around
boiling point 100°C, so they must be continually reproduced in order to survive [43, 44]: that is where the
Darwinian evolution mechanism sets in. The amino acids and nucleobases also degrade, although at higher
temperatures (T>185°C), so they, too, must be replenished [42]. On the other hand, the enzymes are
continuously in contact with precursors molecules and with the energy cycle, so they degrade relatively
quickly, so they must be reproduced as quickly. Simple copying is not as efficient as replication based on a
stable pattern molecule: this is the role of the synthesizers (PNA).
The evolution selects a coupling between peptides and PNA-segments (genes), where the PNA-segments build-
up the corresponding peptide from amino acids, and in turn each of the peptides catalyzes one of the required
metabolic processes: synthesis of required amino acids and nucleobases from precursors, the energy cycle,
synthesis of phospholipids and the build-up of the protective membrane.

The result is a model1 1-bit genetic code (Gua-Cyt nucleobase pair) stored in the PNA (Leu-Gua and
His-Cyt), coding for Gly and Pro amino acid sequences, which in turn catalyze the synthesis of 5 needed
amino acids (Gly, Pro, Leu, His, Cys) , nucleobases (Cyt, Gua) and phospholipid glycerol-phosphate , and the
catalysis of the energy cycle via Cys with SH-radical (see flowchart ‘proto-life chemistry’).
Model1 has 7 genes coding for 8 biomolecules Gly, Pro, Leu, His, Cys, Cyt, Gua, glycerol-phosphate .
In the enzyme synthesis Leu-Gua functions as the ligase for Gly, i.e. during the synthesis process Gly docks to
Leu (resp. Pro docks to His), the ligase separates from the growing enzyme, and the next step begins. The
enzyme is completed, when the last amino acid in the gene sequence is added. We can assess the selectivity of
the ligases by comparing the hydrophobe compatibility index HI [48] of the ligands:
HI(Pro, Pro)= HI(Gly, Gly)= 20.0 , HI(Pro, Gly)=18.3, HI(Pro, Leu)=16.5 , HI(Pro, His)=17.5 ,
HI(Gly, Leu)=17.3 , HI(Gly, His)=15.8
The selectivity of Leu-Gua between Gly and Pro is ΔHI= HI(Gly, Leu)- HI(Pro, Leu)= 0.8 ,  
the selectivity of His-Cyt between Pro and Gly is ΔHI= HI(Pro, His)- HI(Gly, His)= 1.7 .  

In the model2 genetic code, the enzyme synthesis can be simplified by replacing Leu-Gua by Gly-Gua and
His-Cyt by Pro-Cyt. In fact, Leu = Gly + CH-CH-CH3

-CH3 inserted at the end
His = Pro + N-CH-NH breaking the 5-ring at NH and inserting the 3-chain to close the ring .
The selectivity of Gly-Gua between Gly and Pro is ΔHI= HI(Gly, Gly)- HI(Gly, Pro)= 1.7 ,  
the selectivity of Pro-Cyt between Pro and Gly is ΔHI= HI(Pro, Pro)- HI(Gly, Pro)= 1.7 . 
So the selectivity of the ligases is comparable to model1. On the other hand, the binding enthalpies of Leu and
His are considerably higher than those for Gly and Pro [47]:
ΔHf(Gly)=-390.5kJ/mol , ΔHf(Pro)=-366.2kJ/mol, ΔHf(Leu)=-648.9kJ/mol, ΔHf(His)=-441.8kJ/mol ,
so the model1-PNA’s are more stable than in model2, therefore model1 should be considered as an
evolutionary improvement of model1.
With this simplification, model2 works with 3 needed amino acids (Gly, Pro and Cys) and 2 nucleobases (Cyt,
Gua), with enzymes built from (Gly , Pro) and PNA-ligases Gly-Gua and Pro-Cyt .
Model1 has 5 genes coding for 6 biomolecules Gly, Pro, Cys, Cyt, Gua, glycerol-phosphate .
With Gly-Gua and Pro-Cyt as PNA’s and ligases, the enzyme synthesis works by binding Gly to Gly and
Pro to Pro side-by-side by peptide-bond and then breaking the finished enzyme at the peptide bonds away by
energy (i.e. electron) transfer from the energy cycle. The PNA-replication works by selectively binding Gly to
Gly and then Gua to Gly, and by binding Pro to Pro and then Cyt to Pro; at the end the PNA-copy breaks away
at the peptide bond again by energy transfer.

These two models are of course at first only a plausible scenario, but it is supported by the known prebiotic
HCN-chemistry able to produce all amino acids, all nucleobases, phospholipids and sugars [35, 41].
Furthermore, the 1-bit genetic code has been shown to be the probable original mechanism of PNA-RNA-
coding and protein synthesis [29, 30] . Then, one can show by enzyme calculations, that Gly-Pro-peptides
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indeed act as enzymes in the synthesis of amino acids and nucleobases from (HCN, H2O , H2) (see 3.2 , 3.4 ,
3.5 and [45]) . Finally, digital simulation based on a simplified model of the HCN chemistry show that
molecular evolution selects indeed a 1-bit genetic code like the one proposed in [29, 30].
A general consequence of the validity of this scenario is that the elementary enzymes (amino acids) and
elementary synthesizers (nucleobases) are selected by evolution based on the precursor chemistry, i.e. here of
the HCN-water chemistry, and not vice versa.
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Random prebiotic chemistry
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Proto-life chemistry
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3.3 Empirical models of molecular energy and reaction rate

In principle, it is possible with methods of quantum chemistry (e.g. Hartree-Fock calculation) to calculate the
chemical evolution in time of a given mixture of molecules in liquid solution, given the initial concentration,
and physical conditions (temperature, pressure, external flow of matter, energy supply by radiation and spark
discharge), and based solely on the structure of initially given and of emerging molecules. In reality, in order to
calculate a realistic scenario in this way, the needed computational power exceeds by far the performance of
today’s supercomputers.
There are two kinds of data, which are needed for a structure-based numerical simulation of chemical evolution.
First, we need the molecular formation energy Hf (molecular energy for short) for a given molecule, as a
function of its bond structure. Hf is required for the calculation of the reaction energy ΔE of a given reaction

ECkBA   )(

Second, we need the reaction rate
dt

tdC )(
for such a reaction as a function of the bond structure of the reacting

molecules A and B (here C(t) denotes the concentration of the compound C).

3.3.1 Empirical model of molecular energy

The molecular forming free enthalpy ΔHf has been measured for hundreds of molecules, values can be found
in [55, 56, 58] . It is defined as the forming energy from natural state at normal conditions (T=300K, P=1 bar).
The molecular forming energy from atoms Hf is calculated as Hf= ΔHf-E(gas) , where E(gas) is the forming
energy of gaseous components (H2, O2, N2) in the molecule, e.g. for glycine we get

formula C2H5NO2
ΔHf=-390.5 kJ/mol [55]
E(gas)=E(2.5xHH,O=O, 0.5 N≡N)=2.5x432+494+0.5*942=2045 
Hf= ΔHf-E(gas)=-2045-390.5=-2435.5 kJ/mol
where the bond energies of HH=432kJ/mol in H2, (O=O)=494kJ/mol in O2, (N≡N)=kJ/mol in N2 [58]. 
The values of Hf are calculated in [58].
A molecule can be characterized by a list of bonds, e.g. for glycine we get
{ OH, CO, C2O, CC, 2 CH, CN, 2 NH }, where C2O is the double bond C=O [58]. The values of the bond
energies are given in data tables like [55, 56]. The sum of bond energies is in most cases considerably higher
than the molecular energy Hf , the actual bond energy Eb in a molecule is mostly lower than the measured
breaking energy of a bond. The bond factor fb depends predominantly on the bond, and, much more weakly, on
the neighboring bonds in the molecules.

The empirical formula with the bond factors becomes 
i

ibibf EfH ,, ,

where the bond factors fb,i are fitted on a large set of 67 molecules, among them amino acids, nucleobases and
biochemical building block molecules [58, 45].
The original bond energies Eb,i

are factorized with the fb,i and modified

with mean relative error merr= 0.0552
example: for glycine measured (absolute) Hfm = 2435.5

calculated 
i

ibibf EfH ,, =2467.2 , with the relative error rerr(Hf)=31.7/2435.5=0.013 .
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3.3.2 Empirical model of reaction rate

In physical chemistry, the reaction rate of a reaction is described by the law of mass action [61].
EDCkBA   )( resp. EDCkBA   )(

where ΔE is the reaction energy , the reaction is exothermic, when ΔE>0 .
The Arrhenius law for the reaction constant states that [26]

 kTEAk a /exp  , where Ea is the activation energy, A is the pre-exponential factor .

When concentration are measured in (dimensionless) relative mole (and not 1/mol as usual), the constant A has

the dimension 1/s, i.e.
0

1

t
A , where t0 is the interaction reaction time, in biochemical reactions under normal

conditions in water, t0 ~10-9s . The constant A is only weakly temperature-dependent.
The rate constant A depends on the diffusion constants and the critical length (mean free path) λ of the liquid

  )(6/2
0

1

BA DDtA 


  [26], where D is the diffusion constant.

In liquids, D is described by the Einstein formula
 0rb

kT
D  ,where η is the liquid viscosity, r0 the molecule

radius, b=6 for large molecules.

For linear molecules, we can approximate r0 by mmdLr 0 , where the molecule is described by a cross

section area of length Lm and diameter dm .

So we can describe D by the formula
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0 , where Rb,k are the bond lengths in A and D0(solvent) is a

diffusivity constant of the solvent, here water.
Fitting measurement data with these models shows that the geometric mean of the Di rather the arithmetic mean
in the formula for t0 is a good model:
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Fitting the measured t0 with these models with the bond-factors fb,k , the diffusivity D0 and the mean free path
λ yields the values
λ(water)=1.62 nm , D0(water)= 2.52 10-9 m2/s
The resulting bond length in A are

In the same way, fitting the activation energy Ea with the bond-factors fb,k of the bond energies Eb,k in the
model ,
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, where Eib,k resp. Eob,k are the input resp. output bond energies

yields the following values for Eb,k in kJ/mol

3.4 Theory of enzymes: lock-and-key theory

Enzymes (in terrestrial life peptides) are the key element of life in general. They accelerate specific reactions
104-106 fold and, coupled to synthesizers (PNA/RNA), they enable the reproduction and survival of all life
molecules, including themselves.
The specific action of an enzyme with a single substrate (precursor molecules) can be explained using a lock-
and-key analogy. In this analogy, the lock is the enzyme and the key is the substrate. Only the correctly sized
key (substrate) fits into the key hole (active site) of the lock (enzyme).
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Below, we present the mathematical formulation of the action of an enzyme: the substrate (with site bonds En)
allocates along the enzyme (with site bonds E’n), the substrate sites are bound to the substrate sites with bond
energy Fn . The substrate bonds are then weighted with local density pn , and the resulting mean bond energy


n

nnbc EpE is considerably lower than the original mean bond energy NEE
n

nbm / : this is threshold-

reducing action of an enzyme, illustrated in the graphics below [46].

Information in living systems manifest through “temporal gradients”. Here the system contains initially two substrates and one
enzyme. In the absence of the enzyme, reaction C→G + H will proceed more rapidly because it has both lower final free energy and 
lower activation energy. However, the enzyme lowers the Ea for reaction B→E + F. The information in the enzyme produces an 
observable gradient over time as the concentrations of E and F are increased and B is decreased when compared to an uncatalyzed
system. In contrast, because of its specificity, the enzyme has no effect on the temporal evolution of the substrate and product
concentrations of reaction C→G+H.  

Initially assuming a well-mixed distribution of enzymes and substrate of equal concentration ,we view the

“lock” as constantly-spaced enzyme molecules of density profile , xn= nΔx, Δx small, with
density values rn.
The substrate (or “key”) molecules are particle pairs having a local density profile pn = p(xn) at positions
xn = nΔx. Each enzyme-substrate ‘complex’ locally lowers the activation energy of the reaction so that overall
activation energy is maximally lowered when all key particles are closest (Kullback-Leibler-distance) to the
corresponding lock particles. The KL-distance is a rn -weighted Boltzmann entropy of the profile pn , which
makes it a plausible ansatz from the viewpoint of thermodynamics.

The enzyme KL-model is formulated as follows.
Minimization problem:

=min

constraint: normalization substrate,

with bond energies En , b
n

n EE  , Eb is the molecular energy of the substrate.

Enzyme density values rn are normalized with bond energies E’n and the molecular energy
b

n
n

E

E
r

'

'


, and b
n

n EE ''  , E’b is the molecular energy of the enzyme.

With Lagrange-multipliers we get the minimization problem
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In this case, differentiation yields the local minimum pi=ri with min=0, numerical minimization yields global
minimum with negative values, the solution has one large value pi0 close to 1, at the index of the smallest ri

( )(0 ii rMinr  ) , and the rest of the pi is small. The enzyme coupling “selects” the weakest bond and preserves

it, and attenuates the energy of the other bonds: this is the catalyzer mechanism.

Example lock-and-key theory
We illustrate the Kullback-Leidler enzyme model by calculation of a concrete example: the prebiotic synthesis
of glycine from HCN, water and hydrogen catalyzed by diglycine [45]

32 222 NHglycine
diglycine

HOHHCN 


 , where 22 NHCHCOOHglycine  and

222 NHCHCONHCHCOOHdiglycine 

We formulate the substrate-enzyme interaction pattern as follows

substrate HOHHCN 222 2 

enzyme diglycine
with substrate bond energies in kJ/mol (H1HO is HH bond in water)
En= {H1HO,H1HO,CH,C3N,HH,H1HO,H1HO,CH,C3N}

enzyme bond energies in kJ/mol
E‘n= {C2O,C2O,CH,CH,NH,C2O,C2O,CH,CH,NH,NH}

enzyme density values 
n

nnn EEr '/' ,

the molecular energies are: bond sum Eb= 3346.9 , mean bond energy Ebm=Eb/N = 371.9 kJ/mol=3.61 eV for
the substrate (as 100kJ/mol=1.03eV)
bond sum E’b= 2239.8, mean bond energy E’bm=E’b/N = 203.6 for the enzyme
The results are: pn=

and the catalyzed mean bond energy bmc
n

nn ENEp  / = 15.66 kJ/mol=0.152 eV , so the energy factor

fc= Ebm/Ebmc=23.7 , which is a very strong energy reduction.
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3.5 Synthesis reactions in prebiotic HCN-chemistry

We present here three prebiotic reactions of the HCN-chemistry, which generate important amino acids and
nucleobases of the proto-life scenario described in the following section. These reactions has been carried out in
the lab by Patel et al. [35] and Das et al. [41] .

Cytosine reaction [35]
cyanamide

NH2

OH

H2C

HC O

C N

OH

glycol-aldehyde
N C

CH O

CH

NH2

OH

CH OCHCH2

glyceryl-aldehyde

CH

NH2

NCH

CH C

N O

CH CH

CHO

CH

OH

OH

C

NH2

NCH

CH C

N

O

ribo-cytosine

O

CH CH

CH CH

OH OH

CH2OH

cyano-acetamide

Glycine reaction [41], including energy output in kJ/mol (negative=released)

C

HH

O

formaldehyde

NH3

C

NH2H

O

formamide

HCN

CH2HN

methanimine

CNH2 NCH2

amino-acetonitrile

CNH2 NHCH2

OH

NH3 H2O

CNH2 NH2CH2

O
amino-acetoamide

C

CH2

O

NH2

glycine Gly

OH

12.1 -8.4 -54.9

19.3

-55.7

28.9
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Proline reaction [35]

HC

O
dimethyl-diazirine

CNH2 NCH2 CH2 NH2CH2 CH2

dimethyl-formamide

HC

OH

NH2CH2 CH2N C

NH2

CH2 CH2

HC

OHCS

NH2

NH

CH2 CH2

HCOH

C

S

NH

CH2 CH2

CH2

C

S

thio-proline

NH

CH2 CH2

CH2

C

C

CH

O

NH

proline Pro

CH2 CH2

CH2

OH

C

O

OHN C

cyano-proline
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3.6 Models of proto-code

We present here a plausible scenario of terrestrial proto-life based on the HCN-chemistry according to the
Patel-Das model [35, 41], the one-bit genetic proto-code proposed by Carter-Wills [29] and Rodriguez et al
[30], and the pyrite (iron-sulfur) energy cycle proposed by Wächtershäuser [38].

There are several basic features of the terrestrial life chemistry, which support this scenario
-the basic components, amino acids and nucleobases, have roughly the composition scheme CxNxH2xO2 , which
corresponds to the precursor input x(HCN)+2H2O+xH of the HCN chemistry with hydrogen provided by the
energy cycle.
-the maximum activation energy Ea of the spontaneous HCN-chemistry is 40kJ/mol [35], which fits very well to
the reaction energy ΔE=41kJ/mol of the iron-sulfur-cycle, the iron-sulfur-cycle and the reverse acetogenesis,
both involving sulfur, are the two main non-photogenetic energy cycles (apart from the Wood-Ljungdahl cycle)
used in the terrestrial life chemistry.
-both basic component families can be traced back to fundamental components.
For the amino acids it is the special group C of amino acids, set apart from the remaining groups A (electrically
charged side chain), B ( polar uncharged side chain) and D (hydrophobic side chain). The special group C
consists of the simplest linear amino acid glycine, the simplest ring-amino-acid proline with its penta-ring and
the simplest sulfur-amino acid cystein: these are the 3 components of the model1-proto-code.
For the nucleobases it is cytosine, the hexa-ring nucleobase, and the coupled nucleobase guanine, which is a
double hexa-penta-ring molecule, these are the 2 nucleobases of the model1 proto-code.

The model2 proto-code consists of 1-bit-codons (guanine Gua or cytosine Cyt) coding for 2 amino acids
(glycine Gly or proline Pro). The enzymes are Gly-Pro-sequences, which catalyze the synthesis of the 8 needed
compounds (5 amino acids Gly, Pro, Leu, His, Cys, 2 nucleobases Gua, Cyt, 1 phospholipid glycerol-1-
phosphate) from the precursors (hydrogen cyanide HCN, H2O, H, hydrogen sulfide H2S, phosphoric acid
H3PO4).
The model1 proto-code is a simpler version , where the the 2 additional amino acids Leu and His in the PNA
are replaced by the enzyme-building amino acids Gly and Pro.
This is a minimalistic version of a proto-code: at least 2 amino acids are needed as elements of enzymes (here
Gly, Pro), a third (here Cys) containing sulfur is needed for catalyzing the energy cycle and stabilizing the lipid
membrane.

Glycine is the simplest amino acid and is a linear molecule with 2 carbon-nodes (COOH-head and C-node with
a NH2-radical), the corresponding nucleobase guanine is a double penta-hexa-ring with 5 C- and 4 N-nodes.
Proline consists of the COOH-head and a penta-ring with 4 C-nodes an one N-node, the corresponding
nucleobase cytosine is a hexa-ring with 4 C-nodes and 2 N-nodes .
Therefore, it is obvious that enzymes, which catalyze linear molecules like glycine must contain glycine, and
those which catalyze ring-molecules like proline or the nucleobases must contain proline.
During catalysis, the precursors align along the enzyme, so the enzyme must have at least as many nodes (C, N)
as the resulting compound. The precursors for the ring-parts of the compound align along the ring-part of the
enzyme. The precursor sequence is contiguous.
The alignment rules are:
● HCN binds to HCH or HCN 
● water OH-H binds to CO 
● HH resp. 2HH binds to NH or OH or (if none available) to CO 

3.6.1 Model2 proto-code with 5 amino acids

According to the above rules, we set up the model 2 proto-code with 7 proto-genes for 8 compounds (enthalpy
values from [47]) and 2 PNA’s for 5 amino acids, 1 lipid and 2 nucleobases .

glycine gene GlyGly, coded GG, produces glycine Gly
synthesis reaction
    32 22 NHGlyHHCNOHHCN 
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molecule enthalpy Hf(Gly)= -2435.5 kJ/mol
enzyme-substrate alignment (NH-CO is the peptide bond between amino acids)

OH-H HCN HH OH-H HCN precursors
OHCO HCH NH CO HCH NH2 GlyGly

C

CH2

O

NH2

OH

cysteine gene GlyGlyGly, coded GGG, produces cysteine Cys (catalyzes pyrite reaction)
synthesis reaction
      322 252 NHCysSHHCNHHCNOHHCN 

molecule enthalpy Hf(Cys)= -2780.1kJ/mol
enzyme-substrate alignment

OH-H HCN HH OH-H HCN HH SH-H HCN H precursors
OHCO HCH NH CO HCH NH CO HCH NH2 GlyGlyGly

C

CH2

O

NH2

OH

cysteine gene GlyGlyGly, coded GGG, produces glycerol-1-phosphate with phosphorous acid (Glyc1Ph forms
membranes)
synthesis reaction

3432 31823 NHPhGlycPOHHOHHCN 

molecule enthalpy Hf(Glyc1Ph)= -5033.8kJ/mol
enzyme-substrate alignment
HH OH-H HCN HH OH-H HCN HH HPO4 HCN 2HH precursors
OH CO HCH NH CO HCH NH CO HCH NH2 GlyGlyGly

OH

P O

H2C

CH

OH

O

OH

CH2CH2 OH

proline gene ProPro, coded CC, produces proline Pro
synthesis reaction
  32 41242 NHroPHHCNOHHCN 

molecule enthalpy Hf(Pro)= -3275.2kJ/mol
enzyme-substrate alignment (N-CO is the peptide bond between amino acids, the penta-ring is split at CH-CH2)
HH OH-H HH HH HCN HCN HCN precursors
OH CO CH N HCH HCH HCH Pro

CO CH NH HCH HCH HCH Pro
OH-H HH HH HCN HCN HH precursors

C

CH

O

NH

CH2 CH2

CH2

OH
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cytosine gene Pro, coded C, produces the nucleobase cytosine Cyt
synthesis reaction

32 24 NHCytHOHHCN 

molecule enthalpy Hf(Cyt)= -2799.kJ/mol
enzyme-substrate alignment (the penta-ring of Pro is split at CH-CH2, marked ---)

OH-H HCN HH HCN HCN HCN precursors
OH CO CH NH HCH HCH HCH Pro

--------------------------------

C

NH2

NCH

CH C

NH

O

guanine gene GlyPro, coded GC, produces the nucleobase guanine Gua
synthesis reaction

225 HGuaOHHCN 

molecule enthalpy Hf(Gua)= -3753.3kJ/mol
enzyme-substrate alignment (the penta-ring of Pro is split at CH-CH2, marked ---)

OH-H HCN OH-H HCN HCN HCN HCN precursors
OH CO HCH NH CO CH NH HCH HCH HCH GlyPro

-------------------------------

C

NHC

C C

N

O

N

CH

NH
NH2

leucine gene GlyGlyGlyGly, coded GGGG, produces leucine Leu
synthesis reaction
  32 51852 NHLeuHHCNOHHCN 

molecule enthalpy Hf(Leu)= -4181.7kJ/mol
enzyme-substrate alignment
HH OH-H HCN 2HH OH-H HCN 2HH HCN HCN 2HH HCN HCN 2HH precursors
OH CO HCH NH CO HCH NH CO HCH NH CO HCH NH2 GlyGlyGlyGly

C

CH

O

NH2

OH

CH2CH2

CH3

CH CH3

histidine gene ProGlyGly, coded CGG, produces histidine His
synthesis reaction
  32 3852 NHHisHHCNOHHCN 

molecule enthalpy Hf(His)= -4259.7kJ/mol
enzyme-substrate alignment (the penta-ring of Pro is split at CH-CH2)
2HH OH-H HCN HCN HCN HCN precursors
OH CO CH N HCH HCH HCH Pro
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CO HCH NH CO HCH NH2 GlyGly
2HH HCN 2HH OH-H HCN 2HH precursors

C

CH

O

NH2

OH

CH2CH2

C CH

N NH

CH

The ligase and PNA for Gly is Leu-Gua bound by the peptide bond –NH-C=O-

C

CH

O

NH2

CH2CH2

CH3

CH CH3

C

NHC

C C

N

O

N

CH

NH
NH

OHLeuGuaGuaLeu 2

The ligase and PNA for Pro is His-Cyt bound by the peptide bond –NH-C=O-

C

CH NH2

CH2CH2

C CH

N NH

CH

C

NNH

CH
C

CH

O

NH

O

OHHisCytCytHis 2

The peptide bond, which forms poly-peptides, has a bond energy of 8–16 kJ/mol .
The hexa-rings of the PNA’s are stacked on each other by H-bonds, and the amino acids do not form peptide
bonds, because they are not aligned properly, they form H-bonds: the resulting structure is a poly-PNA built
from Leu-Gua and His-Cyt. During the synthesis or the replication process however, the adjoining acid forms a
peptide-bond with its twin, and at the end the peptide bond breaks, because it is weaker than the several H-
bonds between stacked amino acids of the PNA-chain: the complete enzyme (resp. PNA-copy) breaks off.
The model2-version poly-PNA from Leu-Gua and His-Cyt elements is more stable than the model1-version
from Gly-Gua and Pro-Cyt, its H-bonds are stronger, because the active linear part of the amino acid is twice as
long: this is an advantage of the 5-gene-code. In the simple PNA formation reactions of model1 (see reaction
table below),
Gly+Gua→GlyGua+H2O , ΔE=339kJ/mol , Ea=14kJ/mol
Pro+Cyt→ProCyt+H2O , ΔE=-44.3kJ/mol , Ea=12.6kJ/mol
the Pro-reaction is endothermic (needs energy).
In the corresponding model2-reactions
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Leu+Gua→LeuGua+H2O , ΔE=339kJ/mol , Ea=10kJ/mol
His+Cyt→HisCyt+H2O , ΔE=109.4kJ/mol , Ea=11.9kJ/mol
the His-reaction is exothermic, and both activation energy are lower than with their model1-counterparts.
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3.6.2 Simplified model1 proto-code with 3 amino acids

One gets a simpler version of the proto-code if the the 2 additional amino acids Leu and His in the PNA are
replaced by the enzyme-building amino acids Gly and Pro, as described above .

The proto-code consists now of 1-bit-codons (guanine Gua or cytosine Cyt) coding for 2 amino acids (glycine
Gly or proline Pro). The enzymes are Gly-Pro-sequences, which catalyze the synthesis of the 6 needed
compounds (3 amino acids Gly, Pro, Cys, 2 nucleobases Gua, Cyt, 1 phospholipid glycerol-1-phosphate) from
the precursors (hydrogen cyanide HCN, H2O, H, hydrogen sulfide H2S, phosphoric acid H3PO4).

The simplified model1 proto-code with 5 proto-genes for 6 compounds (enthalpy values from [47]) and 2
PNA’s for 3 amino acids, 1 lipid and 2 nucleobases is now as follows.

glycine gene enzyme GlyGly, coded GG, produces glycine Gly
synthesis reaction
    32 22 NHGlyHHCNOHHCN 

molecule enthalpy ΔH(Gly)= -390.5 kJ/mol (negative=energy released in synthesis)
enzyme-substrate alignment (NH-CO is the peptide bond between amino acids)

OH-H HCN HH OH-H HCN precursors
OHCO HCH NH CO HCH NH2 GlyGly

C

CH2

O

NH2

OH

cysteine gene enzyme GlyGlyGly, coded GGG, produces cysteine Cys (catalyzes pyrite reaction)
synthesis reaction
      322 242 NHCysSHHCNHHCNOHHCN 

molecule enthalpy ΔH(Cys)= -534.1kJ/mol
enzyme-substrate alignment

OH-H HCN HH OH-H HCN HH SH-H HCN H precursors
OHCO HCH NH CO HCH NH CO HCH NH2 GlyGlyGly

C

CH2

O

NH2

OH

cysteine gene enzyme GlyGlyGly, coded GGG, produces glycerol-1-phosphate with phosphorous acid
(Glyc1Ph forms membranes)
synthesis reaction

3432 31823 NHPhGlycPOHHOHHCN 

molecule enthalpy ΔH(Glycerol)= -577.9kJ/mol
enzyme-substrate alignment
HH OH-H HCN HH OH-H HCN HH HPO4 HCN 2HH precursors
OH CO HCH NH CO HCH NH CO HCH NH2 GlyGlyGly

OH

P O

H2C

CH

OH

O

OH

CH2CH2 OH
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proline gene enzyme ProPro, coded CC, produces proline Pro
synthesis reaction
  32 41242 NHroPHHCNOHHCN 

molecule enthalpy ΔH(Pro)= -366.2kJ/mol
enzyme-substrate alignment (N-CO is the peptide bond between amino acids, the penta-ring is split at CH-CH2)
HH OH-H HH HH HCN HCN HCN precursors
OH CO CH N HCH HCH HCH Pro

CO CH NH HCH HCH HCH Pro
OH-H HH HH HCN HCN HH precursors

C

CH

O

NH

CH2 CH2

CH2

OH

cytosine gene enzyme Pro, coded C, produces the nucleobase cytosine Cyt
synthesis reaction

32 24 NHCytHOHHCN 

molecule enthalpy ΔH(Cyt)= -221.3kJ/mol
enzyme-substrate alignment (the penta-ring of Pro is split at CH-CH2, marked ---)

OH-H HCN HH HCN HCN HCN precursors
OH CO CH NH HCH HCH HCH Pro

--------------------------------

C

NH2

NCH

CH C

NH

O

guanine gene enzyme GlyPro, coded GC, produces the nucleobase guanine Gua (alignment and catalyzing not
so good as ProGly)
synthesis reaction

GuaOHHCN  25

molecule enthalpy ΔH(Gua)= -183.9kJ/mol
enzyme-substrate alignment (the penta-ring of Pro is split at CH-CH2, marked ---)

HCN OH-H HCN HCN HCN HCN precursors
OH CO HCH NH CO CH NH HCH HCH HCH GlyPro

-------------------------------
guanine gene alternative enzyme ProGly, coded CG, produces the nucleobase guanine Gua
synthesis reaction

GuaOHHCN  25

molecule enthalpy ΔH(Gua)= -183.9kJ/mol
enzyme-substrate alignment (the penta-ring of Pro is split at CH-CH2, marked ---)

HCN HCN HCN HCN precursors
CH N HCH HCH HCH ProGly
-------------------------------

CO HCH HNH precursors
OH-H HCN ProGly
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C

NHC

C C

N

O

N

CH

NH
NH2

The ligase and PNA for Gly is GlyGua bound by the peptide bond –NH-C=O-

C

CH2

O

NH2

C

NHC

C C

N

O

N

CH

NH
NH

OHGlyGuaGuaGly 2

The ligase and PNA for Pro is ProCyt bound by the peptide bond –NH-C=O-

C

C

NNH

CH
C

CH

O

NH

O

CH NH

CH2 CH2

CH2

Pro + Cyt → ProCyt + H2O

The peptide bond, which forms poly-peptides, has a bond energy of 8–16 kJ/mol .
The hexa-rings and the penta-rings of the PNA’s are stacked on each other by H-bonds, and the amino acids do
not form peptide bonds, because they are not aligned properly, they form H-bonds: the resulting structure is a
poly-PNA built from Gly-Gua and Pro-Cyt.
During the synthesis or the replication process however, the adjoining acid forms a peptide-bond with its twin,
and at the end the PNA peptide bond and the vertical H-bonds break, with energy input: the complete enzyme
(resp. PNA-copy) breaks off.

During polymerization of PNA H-bonds form in those sites, which have H-atoms.
GlyGuaGlyGua has 6 vertical H-bonds (in red)

C

CH2

O

NH2

C

NHC

C C

N

O

N

CH

NH
NH

2GlyGua → GlyGuaGlyGua + 6(H-) 

GlyGuaGlyGuaGlyGua has 12 vertical H-bonds (in red)

C

CH2

O

NH2

C

NHC

C C

N

O

N

CH

NH
NH
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3 GlyGua → GlyGuaGlyGuaGlyGlua + 12(H-)

ProCytProCyt has 9 vertical H-bonds (in red)

C

C

NNH

CH
C

CH

O

NH

O

CH NH

CH2 CH2

CH2

2ProCyt → ProCytProCyt + 9(H-)

GlyGuaProCyt has 13 vertical H-bonds (in red), the arrow marks the alignment of the penta-rings

C O

C

NHC

C C

N

O

N

CH

NH
NH

CH NH

CH2 CH2

CH2

GlyGua + ProCyt  → GlyGuaProCyt + 13(H-)

The poly-peptide (enzyme) formation works by breaking-off of the amino-acid-stack from the PNA-stack
under energy input  ΔE.
During enzyme formation the peptide bond pb(PNA) breaks, as well as some of the H-bonds, and pb(peptide) is
formed instead.
GlyGuaGlyGua + ΔE → GlyGly + GuaGua + pb(GlyGly) – 2 pb(PNA) - 3(H-) 
ProCytProCyt + ΔE → ProPro + CytCyt + pb(ProPro) – 2 pb(PNA) - 6(H-)
GlyGuaProCyt + ΔE → GlyPro + GuaCyt + pb(GlyPro) – 2 pb(PNA) - 9(H-)
GlyGuaGlyGuaGlyGua + ΔE → GlyGlyGly + GuaGuaGua + 2 pb(GlyGly) – 3 pb(PNA) - 6(H-) 

3.7 Reactions of model1 proto-code

The reactions of the model1-proto-code fall into 9 categories

1 Catalyzed synthesis of basic compounds and energy reaction (pyrite reaction)
The basic compounds (amino acids and nucleobases) are synthesized from precursors HCN, H2O, H2, H2S,
catalyzed by enzymes controlled by the corresponding genes.
Example: (ΔE reaction energy, Ea original activation energy, Ec catalyzed activation energy, nB number of
bonds)
Direct glycine synthesis catalyzed by GlyGly :
2HCN+2H2O+H2→Gly(COOH−CH2NH2)+NH3 , enzyme GlyGly, ΔE=223kJ/mol , Ea=94.8kJ/mol,
Ec=7.6kJ/mol , nB=25
A key role plays the pyrite reaction, as energy provider, but foremost as the source of hydrogen for the
synthesis of basic compounds:
FeS+H2S→FeS2+H2 , enzyme Cys, ΔE=41kJ/mol , Ea=160.6kJ/mol, Ec=0.02kJ/mol , nB=16
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The pyrite reaction has a low energy output, but a high activation energy, so it runs practically only with

catalysis (uncatalyzed reaction time is as
kT

E
exptt a

r
512219

0 10*69.110*32.510*37.110*45.3 







  ).

The synthesis reactions have high reaction energy (ΔE=100...1200kJ/mol), high activation energy
(Ea=100...200kJ/mol), and do not run in water without enzymes.
The “self-catalyzing” synthesis of proline via cytosine(ring) has a very low activation energy
Cyt(C4H5N3O3)+HCN+6H2→Pro(C5H9NO2)+H2O+2NH3 , ΔE=582.9kJ/mol , Ea=21.7kJ/mol, nB=16
The basic compounds synthesis reactions are all exothermic, and have high activation energy
Ea=92...145kJ/mol (using cytosine-proline synthesis). when running without catalysis , the maximum reaction

time is (Gua) as
kT

E
exptt a

r
310199

0 10*50.010*57.110*59.110*99.0 







 

Apart from amino acid and nucleobase synthesis, the third important basic compounds are the phospholipids,
which form the proto-membrane, here the synthesis of the lipid precursor glycerol-1-phosphate Glyc1ph from
the basic precursor phosphoric acid H3PO4 , catalyzed by triglycine GlyGlyGly
3HCN+2H2O+4H2+H3PO4→Glyc1ph+3NH3 , ΔE=395.5kJ/mol , Ea=139.5kJ/mol, Ec=6.6kJ/mol , nB=27

2 Nucleobase polymerization
Nucleobases form stacks bound by H-bonds (poly-nucleobase=PNB), these reactions are spontaneous, strongly
exothermic (ΔE~600kJ/mol) and have low activation energy (Ea=5..10kJ/mol).
Cyt+Cyt→CytCyt(3ܪ−)  CytCyt is bound by 3 H-bonds, ΔE=491kJ/mol , Ea=5kJ/mol

3 Simple PNA formation
Simple peptide-nucleic-acid (PNA) form from an amino acid and a nucleobase
Gly+Gua→GlyGua+H2O , ΔE=339kJ/mol , Ea=14kJ/mol
Pro+Cyt→ProCyt+H2O , ΔE=-44.3kJ/mol , Ea=12.6kJ/mol
These reactions are low exo- or low endothermic and have low activation energy.

4. Direct PNA polymerization
Simple PNA’s form chains
GlyGua+GlyGua→GlyGuaGlyGua(6ܪ−) , ΔE=126kJ/mol , Ea=3kJ/mol

5 PNA formation from amino acids and nucleobases
Two amino acids and a simple pNB form a PNA
Gly+Gly+GuaGua→GlyGuaGlyGua(+2ܪ−)+2H2O, ΔE=468kJ/mol , Ea=10kJ/mol
These reactions are mostly endothermic and have a low activation energy.

6 Peptide forming
GlyGuaGlyGua+2H2O→GuaGua(+4ܪ−)+GlyGly +H2O, ΔE=682kJ/mol , Ea=11.3kJ/mol
A peptide “breaks-off” from a PNA-stack, the reactions are exothermic and have low activation energy.
The sequence type2→type5→ type6  is the PNA-controlled peptide synthesis, in contrast to type9, the 
spontaneous peptide synthesis (see below). This sequence is exothermic (the endothermic reactions type5 use
the energy from the preceding reaction type2), wheres the reactions of type9 are endothermic, and their
activation energy Ea is mostly lower than the corresponding Ea in type 9 .

7 Diverse synthesis and energy cycles
The HCN chemistry as the basis for the proto-code reactions depends on a sufficient supply of HCN. As
discussed in 2.4, there is evidence of presence of HCN, along methane CH4 and ammonia NH3 in the early
Earth atmosphere. But there are also cyanide synthesis reactions, which could produce HCN under volcanic
pools or in hydrothermal vents.
CO2+NH3+H2→HCN+2H2O , ΔE=-90.9kJ/mol , Ea=74.2kJ/mol
CO2+NH3+SH2→HCN+2H2O +S, ΔE=-111.5kJ/mol , Ea=6.5kJ/mol
They have as reducing component H2 or SH2, which are supplied by the pyrite reaction.
They are both endothermic, so they depend upon energy supply, e.g. from the pyrite reaction.
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Their activation energy Ea is relatively low, especially for the SH2-reaction: this one can run purely thermally,
without enzymes.
There is the synthesis of the proto-sugar glyceraldehyde Gle, a precursor of ribose needed for RNA :
Gly+H2O→Gle(HCO-HCOH-H2COH)+NH3, ΔE=346.2kJ/mol , Ea=14kJ/mol
As for energy cycles, there is the mentioned pyrite reaction
FeS+H2S→FeS2+H2 , ΔE=41kJ/mol , Ea=160.6kJ/mol
but also the CO2-reduction by hydrogen, which was present in the prebiotic Earth atmosphere
CO2+H2→CO+H2O, ΔE=90.1kJ/mol , Ea=115.8kJ/mol
and oxidation of carbon monoxide CO in water, which is still used by methanogen bacteria [50]
CO+H2O→HCOOH, ΔE=548.8kJ/mol , Ea=33.3kJ/mol

8 Decay of basic compounds
Under present biotic conditions on Earth, the basic compounds are long-lived, amino acids decompose in water
thermally at temperature T>185°C at neutral pH, nucleobases have in water a half-life of 20-200 days at 100°C,
and they degrade at 250C at neutral pH [59].
The decay via hydrolysis of the basic compounds functions via break-off of the C=O radical, which all of them
contain, with formation of formic acid. All decays are endothermic (run only with energy input), and have a
low activation energy.
A typical decay reaction is the hydrolysis of glycine:
Gly(COOH−CH2NH2)+H2O→OH−CH2NH2+HCOOH, ΔE=-335.9kJ/mol , Ea=9.0kJ/mol

9 Direct peptide polymerization
These are the direct merging reactions of amino acids into peptides, without the interaction of PNA’s (see
peptide formation):
Gly+Gly→GlyGly+H2O , ΔE=-117.7kJ/mol , Ea=64.8kJ/mol
Pro+Pro→ProPro+H2O , ΔE=-1097.7kJ/mol , Ea=27.9kJ/mol
These reactions are endothermic, with moderate activation energy, they run spontaneously only at high
temperature and with a multiple energy input from the energy reaction
(ΔE(Gly+Gly→GlyGly+H2O)≈3 E(FeS+H2S→FeS2+H2)=123kJ/mol), i.e. very slowly even with a catalyzed
energy reaction.
The opposite reactions like
GlyGly+H2O→Gly+Gly
are exothermic decay reactions of peptides with a decomposition temperature Td , where

skTEExpt da 1)/(0  , so for st 9
0 10 we get approximately for Gly :

)10(/ 9LogEkT ad  and CKTd  77350 , which is in good agreement with the known decomposition

temperature of poly-peptides (75-85°C).

Therefore the PNA-controlled peptide formation sequence type2→type5→ type6  is really necessary for the 
molecular evolution of life from the HCN-chemistry.
On the other hand, in the prebiotic chemistry on Earth there was a seed concentration of amino acids from
meteorites (rough estimation for the concentration c=10-6 ), but no polymers, i.e. no enzymes, and therefore no
organic catalysis. In the initial prebiotic period before the onset of the model1 proto-code life cycle, peptide
polymerization was spontaneous, with the support of an energy cycle: Cys-catalyzed pyrite reaction of H2S ,
CO2-reduction or CO-oxidation .
With seed-concentration for the basic compounds of c=10-6 , and remaining concentration from [50] given
below , we get for the energy production of the 3 energy cycles [45]
Ep(H2S)= 0.0045kJ/s mol , Ep(CO2)= 5.3 10-7kJ/s mol , Ep(CO)= 0.00062kJ/s mol ,
and using this, for the effective build-up time of Gly+Gly→GlyGly+H2O with the H2S-pyrite reaction
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Table: Reactions of model1 proto-code
(ΔE reaction energy (kJ/mol), Ea original activation energy (kJ/mol) , Ec catalyzed activation energy (kJ/mol),
t0 (ns), nB number of bonds)
reaction type enzyme ΔE Ea Ec t0 nB

catalyzed basic compounds synthesis
2HCN+2H2O+H2→Gly(COOH−CH2NH2)+NH3 1 GlyGly 223 92.8 8.3 0.70 25 
5HCN+2H2O+6H2→Pro(C5H9NO2)+4NH3 1 ProPro 741.7 256.1 0.53 0.47 53 
3HCN+2H2O+2H2+H2S→ 
Cys(COOH−CHNH2−CH2−SH)+2NH3 

1 GlyGlyGly 1232.4 144.3 0.94 0.74 39

4HCN+H2O+H2→Cyt(C4H5N3O)+NH3 1 Pro 403.5 140.2. 17.5 0.76 28 
5HCN+H2O→Gua(C5H5N5O)+H2 1 GlyPro 505. 145.9 6.56 0.99 36 
5HCN+H2O→Gua(C5H5N5O)+H2 1 ProGly 505. 145.9 27.6 0.99 36 
FeS+H2S→FeS2+H2 1 Cys 41. 160.6 0.02 3.45 16 
Cyt(C4H5N3O3)+HCN+6H2→Pro(C5H9NO2) 
+H2O+2NH3

1 582.9 21.7 1.02 16

3HCN+2H2O+4H2+H3PO4→Glyc1ph+3NH3 1 GlyGlyGly 395.5 139.5 6.6 0.99 27 
simple PNA polymerization

Gly+Gly+GuaGua→GlyGuaGlyGua(6H−)+2H2O 5  -94.2 16.4  1.53 53 
Gly+Gly+Gly+Gua3→GlyGua3(12H−)+3H2O 5  -109.8 16.5  1.60 81 
Pro+Pro+CytCyt→ProCytProCyt(9H−)+2H2O 5  692.8 5.9  2.26 63 
Gly+Pro+GuaCyt→GlyGuaProCyt(13H−)+2H2O 5  -146.5 15.1  1.89 61 
Gly+Pro+CytGua→ProCytGlyGua(13H−)+2H2O 5  -146.5 15.1  1.89 61 
Gly+Pro+GuaCyt→GlyCytProGua(13H−)+2H2O 5  -146.5 15.1  1.89 61 

PNB polymerization
Cyt+Cyt→CytCyt(3H−) 2 491. 5.0 1.31 26
Gua+Gua→GuaGua(3H−) 2  705.3 2.9  1.14 34 
Gua+Gua+Gua→Gua3(6H−) 2 1089.5 3.7 1.14 51
Gua+Cyt→GuaCyt(6H−) 2 661.2 6.9 1.22 30
Cyt+Gua→CytGua(6H−) 2 661.2 6.9 1.22 30

peptide formation
GlyGuaGlyGua+2H2O→GuaGua(3H−)+GlyGly+H2O 6 661.6 12.5 2.46 58
ProCytProCyt+2H2O→CytCyt(3H−)+ProPro+H2O 6 566.1 7.0 3.61 62
GlyGuaProCyt+2H2O→GuaCyt(6H−)+GlyPro+H2O 6  308.6 9.2  3.05 58 
ProCytGlyGua+2H2O→CytGua(6H−)+ProGly+H2O 6  1008. 3.0  3.05 58 
GlyGuaGlyGuaGlyGua+3H2O→GuaGuaGua(8H−) 
+GlyGlyGly+2H2O

6 640.6 8.1 1.13 90

multiple PNA polymerization
GlyGua+GlyGua→GlyGuaGlyGua(6ܪ−) 4 126. 3.0 1.66 48
3GlyGua→(GlyGua)3(12ܪ−) 4 252. 3.9 1.66 72
ProCyt+ProCyt→ProCytProCyt(9ܪ−) 4 189. 4.3 1.66 48
GlyGua+ProCyt→GlyGuaProCyt(13H−) 4  273. 5.80  1.66 48 
GlyGua+ProCyt→ProCytGlyGua(13H−) 4  273. 5.80  1.66 48 

PNA building
Gly+Gua→GlyGua+H2O 3  339.4 14.6  1.38 26 
Gly+Cyt→GlyCyt+H2O 3  1156. 17.2  1.47 22 
Pro+Cyt→ProCyt+H2O 3  -44.3 12.6  1.79 30 
Pro+Gua→ProGua+H2O 3  62.8 11.1  1.67 34 
Leu+Gua→LeuGua+H2O 3  339. 10.  1.79 38 
His+Cyt→HisCyt+H2O 3  109.4 11.9  1.70 32 

diverse synthesis and energy cycles
CO2+NH3+H2→HCN+2H2O 7  -90.9 74.2  3.45 6 
CO2+NH3+SH2→HCN+2H2O+ܵ 7 -111.5 6.5 3.45 7
FeS+H2S→FeS2+H2 7  41. 160.6  3.45 3 
CO2+H2→CO+H2O 7  90.1 115.8  0.23 3 
CO+H2O→HCOOH 7  548.8 73.3  0.20 3 
Gly+H2O→Gle(HCO-HCOH-H2COH)+NH3 7  346.2   1.62 9 

basic compounds decay by hydrolysis C=O
Gly(COOH−CH2NH2)+H2O→OH−CH2NH2+HCOOH 8  -335.9 9.0  1.66 11 
Cys(COOH−CHNH2−CH2−SH)+H2O→ 
OH−CHNH2−CH2−SH+HCOOH 

8 -157 6.6 5.29 15

Pro(COOH−ring(−NH−))+H2O→OH−ring()+HCOOH 8  -612.4 5.2  2.45 19 
Cyt(ring(−C=O−))+H2O→ring()+HCOOH 8 -89.4 20.5 1.30 15
Gua(ring(−C=O−ring(−NH−CH−N−)))+H2O→ 
ring( −ring(−NH−CH−N−))+HCOOH 

8 -15.1 5.2 1.14 19

direct peptide polymerization
Gly+Gly→GlyGly+H2O 9  -117.7 64.8  1.66 18 
Gly+Gly+Gly→GlyGlyGly+2H2O 9  -99.5 83.8  1.66 27 
Pro+Pro→ProPro+H2O 9  -1097.7 27.9  2.45 34 
Gly+Pro→GlyPro+H2O 9  -258. 43.7  2.02 26 
Gly+Pro→ProGly+H2O 9  -258. 43.7  2.02 26 
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GlyGly+Gly→GlyGly+H2O 9  +18.2 48.  1.77 24 
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3.8 Numerical simulation of terrestrial proto-life evolution

3.8.1 Diffusion and convection

Molecular flow pays an important part in biochemical reactions and must be taken into account in the
simulation model.
In prebiotic chemistry, there are strong thermal and concentration gradients.
The purely diffusion-driven flow is very slow in water : the diffusivity constants are in the range of 10-9 m2/s ,
so in the length scale of L =  ~10 cm (  is the width of the thermal boundary layer, see below) , we get a

time scale of t~107s for the thermal vent scenario, which is too slow. For the lipid-bubble scenario the length
scale is the bubble radius Rm=20μm , and the time scale is t~1s , here diffusion is a realistic mechanism.
For diffusion, we have Fick’s law [65]
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For the gradient-driven osmosis through a membrane the following relation holds [66]:

cKD
Vd

A
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dc
 , where V is the volume, D is the diffusion coefficient of the molecule, K is the

(dimensionless) partition coefficient, A is the membrane area, d is the membrane thickness, c is the relative
concentration, Δc is the difference in relative concentrations at the membrane. K depends on the molecule and
on the material of the membrane, and has values (for lipids and octanol) in the range log Kow= -4... 6.5 [59].

The thermal convection flow, driven by thermal difference of ΔT~80K is much faster [64, 65]. 
In thermal convection, there are two opposite forces: the buoyancy force Fb, driven by the thermal density
gradient, and the viscosity force Fv driven by viscous friction.
We get for the buoyancy force density gTFb 0
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with the denominations: ρ density, ΔT temperature difference, Δc concentration difference, L edge length of the
reaction region, ν kinematic viscosity of water (m2/s), g gravitational acceleration constant, β water volume
expansion coefficient (1/K) .

resulting viscosity force density is x
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x =  =6.3cm , ΔT=80K, s
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and bv FF  , the viscosity force is

negligible against the buoyancy force component, and the convection velocity vc becomes
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c , with the given data, vc= 1.07 m/s

If we have a concentration profile c(x), then the thermal convection driven concentration flow will be
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3.8.2 Scenario1: hydrothermal vent with spontaneous synthesis of basic components

As was outlined in 2.4, the most plausible scenario for the origin of the first life-cycle are hydrothermal vents in
submarine volcanic rocks or volcanic pools. We carried out calculation based on this scenario, and on the
reaction table in 3.7 .
In this calculation, the reaction is described by a differential equation for the corresponding law of mass action
according to the scheme
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, where ci are the concentrations of the reaction participants with

multiplicities ki , and with the reaction constant
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Furthermore, we have terms for three possible transport mechanisms (see 3.8.1)
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So in general, we have coupled algebraic (non-linear) partial differential equations of degree 1 in t, and of
degree 1 or 2 in x .
We impose boundary conditions 01),( cxtc  at the external boundary x1, and initial conditions in the form

)(),0( xcxc b

The parameters of scenario1 and its reactions can be described by the following scheme.
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Scenario1: model

thermal
boundary
layer

hydrothermal
current
HCN H2S FeS H2 CO

T=100°C

T=20°C

thermal
convection

D c=f D ct vc x

bcond c=c0

precursors: HCN H H2S FeS CO H PO2 3 4

basic compounds: amino-acids nucleobases lipids

polymers: peptides poly-nucleobases(PNB) peptide-nuclein-acids(PNA)

Scenario1: reactions

precursors
HCN, H S ...2

energy cycle
FeS+H S->FeS +H2 2 2

energy 0.4eV

peptides
Gly , GlyPro ...2

bas.comp.
Gly, Gua ...

H2

t1

t1
catal.

t9

energy cycle
CO+H O->HCOOH2

energy 5.5eV

t8
decay

Scenario1 represents basically the primordial amino acid and peptide synthesis cycle.
Scenario1 starts with realistic primordial concentrations (init1) of basic compounds (amino acids and
nucleobases) c=10-6=1ppm, low concentration of peptides c=10-8=0.01ppm, and c=0.001 for precursors.
A second simulation starts with higher “enriched” concentrations (init2) of c=10-4=100ppm for basic
compounds, c=10-6=1ppm for peptides, and c=0.01 for precursors.
The reaction network consists of spontaneous and peptide-catalyzed basic-compound-synthesis (t1), which uses
the H2S energy cycle as source of energy and hydrogen, and spontaneous peptide polymerization from amino
acids (t9), which uses the CO energy cycle with its high energy yield, because it is highly exothermic.
The peptides decay thermally (t8) above decomposition temperature Tc .
The result is an enrichment of amino acids, but no significant enrichment of nucleobases and peptides, as
shown in the table below.

molecule initial value(ppm) final value behavior time(s) fvc(m/s)
Gly 1 14 ppm asymptotic 104 0.5
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Pro 1 47 ppm asymptotic
Cys 1 1 ppm constant
Gua 1 1 ppm constant
Cyt 1 1 ppm constant
Gly2 0.01 0.93*10-8 constant
Gly3 0.01 1.*10-8 constant
Pro2 0.01 6*10-12 decreasing
GlyPro 0.01 3*10-10 decreasing

molecule initial value final value behavior time(s) fvc(m/s)
Gly 1.*10-4 23.*10-4 asymptotic 0.7*104 0.5
Pro 1.*10-4 60.*10-4 asymptotic
Cys 1.*10-4 1.*10-4 constant
Gua 1.*10-4 1.*10-4 constant
Cyt 1.*10-4 1.04*10-4 constant
Gly2 1.*10-6 0.94*10-6 constant
Gly3 1.*10-6 0.1*10-6 decreasing
Pro2 1.*10-6 0.01*10-6 decreasing
GlyPro 1.*10-6 0.26*10-6 decreasing
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3.8.3 Scenario2: hydrothermal vent with proto-lifecycle

Scenario2 is the full proto-life cycle from the reaction table in 3.7, in the physical environment of a
hydrothermal vent. It serves as an amplifier process for all involved molecule classes (amino acids,
nucleobases, peptides, poly-nuclein-acids PNA, lipids), which are distributed in surroundings by thermal
convection, keeping the concentration of bio-molecules in the thermal boundary layer stable and relatively low.

Scenario2: reactions

precursors
HCN, H S ...2

energy cycle
FeS+H S->FeS +H2 2 2

t1 energy 0.4eV

peptides
Gly , GlyPro ...

2

lipids
Glyc1ph ...

bas.comp.
Gly, Gua ...

PNB‘s
Gua , Gua ...

2 3

PNA‘s
GlyGua ...

2

H2

t1

t1
catal.

t1
catal.

t8
decay

t5
t5

t4

t2

t9

t3

t6

energy cycle
CO+H O->HCOOH

2

energy 5.5eV

Scenario2 starts with enriched concentrations (init2) of c=10-4=100ppm for basic compounds, c=10-6=1ppm for
peptides, and c=0.01 for precursors.
The reaction network consists of spontaneous and peptide-catalyzed basic-compound-synthesis (t1, t9. t8), with
the H2S energy cycle and the CO energy cycle, then the PNA-controlled peptide synthesis (t2, t5, t6, t4) , and
direct PNA-polymerization t3.
The PNA-controlled peptide synthesis works also without initial presence of peptides (i.e. initial peptide
concentration c=0), whereas the direct peptide polymerization t9 requires high rates of CO energy cycle to
counteract the reverse reaction (direct peptide decay), which is exothermal and has the same activation energy
Ea , although it has a little larger reaction times t0 and therefore is a little slower.
The results for convection velocity fvc=0.5m/s are given in the following table.

molecule initial value final value behavior time(s) fvc(m/s)
Gly 1.*10-4 0.0025->9.2*10-4 peak 500 0.5
Pro 1.*10-4 0.008->52.*10-4 peak
Cys 1.*10-4 1.*10-4 constant
Gua 1.*10-4 0.7*10-4 decreasing
Cyt 1.*10-4 1.1*10-4 decreasing
Gly2 1.*10-6 0.008->1.*10-6 peak
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Gly3 1.*10-6 0.0008->4.*10-6 peak
Pro2 1.*10-6 1.2*10-5->8.5*10-6 peak
GlyPro 1.*10-6 1.3*10-5->>49.*10-6 peak
Gua2 1.*10-6 0.004->36.*10-4 peak
Gua3 1.*10-6 0.009->41.*10-4 peak
Cyt2 1.*10-6 3.4*10-4 increase
GuaCyt 1.*10-6 15.*10-4 increase

A typical concentration build-up for the amino acid Gly, the peptide Gly2 and the poly-nuclein Gua2 is shown
below.
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3.8.4 Scenario3: lipid vesicles with proto-lifecycle and proliferation

Scenario3 is the full proto-life cycle, confined in the interior of a lipid vesicle. As was reported in 2.4, amino
acids within a lipid membrane stabilize the lipid layer, and the lipids serve under certain conditions as catalyzer
for peptide polymerization. Precursor molecules enter the vesicle via osmosis, but bio-molecules are enclosed
in it, and are not carried away by convection, there is diffusion only within the vesicle. Therefore the
concentration of bio-molecules can increase until it reaches a critical level, and the system becomes unstable,
the vesicle divides and proliferation takes place. The reaction cycle now has all attributes of life:
synthesis of basic compounds from precursors (“food”) using an energy cycle, self-regulation by catalysis
through peptides-enzymes, PNA-gene-controlled enzyme production from amino acids, and proliferation
through bio-matter production and vesicle division.

Scenario3 model

lipid membrane
d=1um

T=T =37°Cc

bcond(precursor) c=c0

diffusion
D c=f D ct vc xx

osmosis(precursor)
D c=f (c-c )t vm 0

precursors: HCN H H2S FeS CO H PO2 3 4

basic compounds: amino-acids nucleobases lipids

polymers: peptides poly-nucleobases(PNB) peptide-nuclein-acids(PNA)

vesicle R =20umm

diffusion-controlled
colllapse-division
time t ~1000sc
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Scenario3 reactions

precursors
HCN, H S ...2

energy cycle
FeS+H S->FeS +H2 2 2

t1 energy 0.4eV

peptides
Gly , GlyPro ...

2

lipids
Glyc1ph ...

bas.comp.
Gly, Gua ...

PNB‘s
Gua , Gua ...

2 3

PNA‘s
GlyGua ...

2

H2

t1

t1
catal.

t1
catal.

t8
decay

t5
t5

t4

t2

t9

t3

t6

energy cycle
CO+H O->HCOOH

2

energy 5.5eV

Scenario3 reaches significantly higher concentrations than scenario2, because the bio-molecules cannot leave
the vesicle. Only precursor molecules can pass the membrane, for them the boundary condition c=c0 is valid at
the membrane. The current of precursors through the membrane is governed by osmosis:
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and within the vesicle there is diffusion for all molecules
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If fvd=0, i.e. without diffusion, the system reaches an equilibrium, and there is a solution for all times.
The diffusion introduces a definite critical time tc , where the system becomes unstable, i.e. where the solution
of the differential equations ceases to exist: the vesicle divides, separates into two, and the reaction cycle starts
again. This critical time depends on the system parameters and the initial concentration, and has values around
1000s, which agrees well with the observed division periods of self-reproducing lipid-amino-acid vesicles and
also of bacteria.
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The results for osmosis constant fvm=0.3s-1 and diffusion constant fvd=0.01 m2s-1 are given in the following
table.
molecule initial value final value behavior time(s) fvm(1/s)

fvd(m2/s)
Gly 1.*10-4 0.0016 increasing 880 0.3 , 0.01
Pro 1.*10-4 0.0034 plateau
Cys 1.*10-4 81.*10-6 plateau
Gua 1.*10-4 7.6*10-7 decreasing
Cyt 1.*10-4 11.9*10-7 decreasing
Gly2 1.*10-6 34*10-6 increasing
Gly3 1.*10-6 82*10-6 plateau
Pro2 1.*10-6 1.4*10-6 peak-plateau
GlyPro 1.*10-6 22.*10-6 plateau
Gua2 1.*10-6 19.*10-5 increasing
Gua3 1.*10-6 34.*10-5 increasing
Cyt2 1.*10-6 3.5*10-5 plateau
GuaCyt 1.*10-6 10.*10-5 plateau

The concentration c(t,x) for the amino acids Gly, Pro, the peptides Gly2, Gly3 and the PNA’s Gua2, GuaCyt is
shown below.
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