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Abstract
The central dogma of molecular biology dictates that, with only a few exceptions, 
information proceeds from DNA to protein through an RNA intermediate. Examin-
ing the enigmatic steps from prebiotic to biological chemistry, we take another road 
suggesting that primordial peptides acted as template for the self-assembly of the 
first nucleic acids polymers. Arguing in favour of a sort of archaic “reverse transla-
tion” from proteins to RNA, our basic premise is a Hadean Earth where key bio-
molecules such as amino acids, polypeptides, purines, pyrimidines, nucleosides and 
nucleotides were available under different prebiotically plausible conditions, includ-
ing meteorites delivery, shallow ponds and hydrothermal vents scenarios. Support-
ing a protein-first scenario alternative to the RNA world hypothesis, we propose the 
primeval occurrence of short two-dimensional peptides termed “selective amino 
acid- and nucleotide-matching oligopeptides” (henceforward SANMAOs) that non-
covalently bind at the same time the polymerized amino acids and the single nucle-
otides dispersed in the prebiotic milieu. In this theoretical paper, we describe the 
chemical features of this hypothetical oligopeptide, its biological plausibility and its 
virtues from an evolutionary perspective. We provide a theoretical example of SAN-
MAO’s selective pairing between amino acids and nucleosides, simulating a poly-
Glycine peptide that acts as a template to build a purinic chain corresponding to the 
glycine’s extant triplet codon GGG. Further, we discuss how SANMAO might have 
endorsed the formation of low-fidelity RNA’s polymerized strains, well before the 
appearance of the accurate genetic material’s transmission ensured by the current 
translation apparatus.
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1 Introduction

In a stable and unrestricted milieu, the minimum genetic requirement for a vital 
cell capable of autonomous growth counts no less than 300 genes to ensure at least 
cytosolic metabolism and genomic expression and preservation (Hutchison III 
et al. 2016; Thornburg et al. 2022). The huge structural and functional demands 
of extant living cells are difficult to reconcile with the enigmatic steps from inor-
ganic to biological chemistry. In particular, the origin of the translation system 
is a chicken-and-egg conundrum: which came first, genes or proteins? (Wolf and 
Koonin 2007). An influential hypothesis put forward by Gilbert (1986) suggests 
that RNA was the first macromolecule in the prebiotic world, long before func-
tional proteins and hence DNA (Kirschning 2021). The RNA-world hypothesis 
assumes that life on Earth started with self-recognizing and self-replicating RNA 
molecules, supposedly RNA ribozymes or prototypical ribonucleotide reductases 
(Fusz et al. 2005; Lundin et al. 2015; Schneider et al. 2018; Becker et al. 2019). 
Only later proteins became the catalysts of life, contributing to the genetic take-
over of DNA as the information-storage molecule (Müller et  al. 2022). Variant 
theories suggest the occurrence of pristine pre-RNA systems such as, e.g., a het-
erogeneous chimeric nucleic acid structure where purine deoxyribonucleosides, 
pyrimidine ribonucleosides and non-canonical bases may have coexisted in the 
same geochemical scenario (Schneider et al. 2018; Bhowmik and Krishnamurthy 
2019; Xu et al. 2020). However, objections have been raised to the RNA world 
hypothesis, being RNA polymers’ catalytic repertoire too small, chemically too 
homogeneous and constrained by low yield/slow turnover (Kirschning 2021).

Otherwise, the extant cooperation among peptides, small molecules, coen-
zymes and metal-based cofactors points towards primeval coevolution of different 
proto-metabolic biomolecules at a system level (Kroiss et  al. 2019; Kirschning 
2021). Also, it has been suggested a primordial peptide synthesis without ribo-
somes, evoking a primeval RNA-peptide world. Alternatively, there existed a 
stage prior to the RNA world termed the “polypeptide” or the “protein world” 
(Milner-White and James 2019), in which amino acids pairing was mandatory to 
allow peptide-to-peptide information transfer and ensuing synthesis of one pro-
tein sequence from another (Root-Bernstein 1982). The hypothesis is attractive, 
since amino acids and even peptides are easier to chemically synthesize from sim-
ple chemicals than nucleotides (Milner-White and James 2019). Further, as we 
will see in the sequel, simple amino acidic polymers display better binding and 
catalytic properties compared with RNA chains (Milner-White and James 2019).

Here we will tackle the chicken–egg problem regarding the duality between 
nucleic acids and proteins from a new peptidic perspective. Given the almost infi-
nite possibilities of combinations among amino acids and nucleic acids in long 
timescales, it is likely that complex molecules equipped with biological activ-
ity spontaneously arose in ancient abiotic environments (Kitadai and Maruyama 
2018). The real problem is not so much the spontaneous formation of complex 
biomolecules, but their preservation through duplication mechanisms and sub-
sequent transmission to the next generation. The central dogma of molecular 



1 3

The First Nucleic Acid Strands May Have Grown on Peptides via… Page 3 of 17    23 

biology states that information is transferred from DNA to protein through an 
RNA intermediate, apart from a few reverse transcriptases (Wolf and Koonin 
2007; Chandramouly et al. 2021). Going against this dogma, we will describe the 
possibility that the first peptides were “retro-translated” to nucleic acid polymers. 
We will suggest the primeval occurrence of a short, amino acidic polymer termed 
“selective amino acid- and nucleotide-matching oligopeptide” (henceforward 
SANMAO). SANMAO was able to non-covalently bind the amino acids endowed 
in a peptidic chain and to selectively pair them with the single nucleosides scat-
tered in the abiotic medium. We will describe the chemical features of this hypo-
thetical oligopeptide, its biological plausibility and evolutionary virtues.

2  From Amino Acids to Nucleotides

The RNA world hypothesis suggests that the peptidic synthesis under prebiotic 
conditions was initiated by RNA molecules (Wolf and Koonin 2007). It has been 
proposed that non-canonical RNA bases established a rudimental and inaccurate 
peptide synthesis directly on RNA (Bhowmik and Krishnamurthy 2019), starting 
from covalently connected chimeric molecules made of peptide and RNA (Müller 
et al. 2022). Since the formation of peptide bonds via direct binding of amino acids 
to RNA templates (Yarus 1998) is stereochemically implausible, it is more likely 
that the primeval RNA acted as a template to synthetize aminoacylating ribozymes 
(Wochner et al. 2011; Torres de Farias and José 2020; Müller et al. 2022). Initially, 
RNA must have gained the ability to catalyze the synthesis of just small peptides 
(Müller et al. 2022). Translation might have started with ribozyme-catalyzed reac-
tions involving abiogenic amino acids, followed by aspecific, non-templated synthe-
sis of increasingly versatile peptides (Wolf and Koonin 2007). The specific amino 
acids recognition by proto-tRNAs might have depended just on the physical affinity 
between amino acids and their cognate codons/anticodons (Wolf and Koonin 2007). 
In the sequel, we will suggest another theory for the onset of peptide translation.

2.1  A Scenario for the Evolution of Translation: Towards a Proteic Beginning

We propose a peptide-first model in which oligopeptides capable of molecular rec-
ognition spontaneously appeared. Terminologically, we will consider oligopeptides 
as chains of aminoacids ≤ 20 residues, while polypeptides > 20 (Apostolopoulos 
et al. 2021). Here follows a list of the virtues of a peptide-first model:

1. Peptides’ and proteins’ polymers are easier to abiotically synthetize than nucleic 
acids’ (Fusz et al. 2005).

2. Peptide bonds are more chemically stable than RNA bonds, the latter being more 
prone to hydrolysis (Schiller 2016).

3. The extant peptides and proteins have a wider breadth of chemical moieties for 
molecular recognition, displaying strong affinities for various types of small mol-
ecules.
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4. Peptides and proteins have a much broader repertoire and efficiency as catalysts 
than RNAs and ribozymes. For example, the Ser-His and Gly-Gly oligopeptide 
can catalyze peptide bond formation (Schiller 2016), while the Pro-Pro dipeptide 
and the Pro-x-x-Phe tetrapeptide (x = any amino acid) display aldol condensation 
activity, i.e., the most significant carbon–carbon bond-forming reaction (Schiller 
2016).

5. Proteins have a greater potential for the evolution of a variety of binding and 
catalytic capacities than RNA (Wolf and Koonin 2007).

6. Action of peptides as templates has been already demonstrated for self-replicating 
α-helix peptides (Schiller 2016).

7. It has been suggested that amino acids and peptides drove the evolution of trans-
lation through the intermediate stage of peptidic proto-ligases forming covalent 
bonds (Frenkel-Pinter et al. 2019).

8. Cationic side chains incorporated into proto-peptides possibly interacted with 
negatively charged RNA, catalyzing RNA oligomerization (Frenkel-Pinter et al. 
2019).

In sum, several reasons plead for a versatile polypeptide world at the very origin 
of life. We will see in the sequel that the main problem is to understand how pri-
meval peptides were able to produce their own copies. We suggest that, in a proteic 
world at the dawn of life, the issue of information transmission could be tackled 
through the production of nucleic acids’ polymers from spontaneously generated 
peptidic templates. We require a sort of “reverse translation”, a primitive “protein-
dependent RNA polymerase” which might provide some kind of chemical corre-
spondence between amino acids and their extant cognate triplets (Wolf and Koonin 
2007; Biro 2007).

2.2  Information Transmission from Amino Acids to Nucleotides?

We explore the possibility that some peptides were “retro-translated” into nucleic 
acid polymers by an oligopeptide, namely SANMAO, able to selectively pair the 
polymeric amino acids and the single nucleotides scattered in the abiotic medium. 
Once a specific series of nucleotides was brought near, covalent links were estab-
lished, speeding up non-stochastic formation of biologically relevant RNA chains.

Our aim is to look for the likely chemical and biological attributes of SANMAO. 
In has been suggested that the first peptides were short, glycine-rich peptidic chains 
supplied with randomly alternating L/D racemic amino acids. Since short polypep-
tides flicker between structureless conformations rather than staying fixed in one, 
enantiomeric ring/chain structures devoid of tertiary structure were favored at the 
expense of helical conformations (Milner-White and Russell 2008). Like a few extant 
peptides that are metamorphic, i.e., quickly switch between different folds with dif-
ferent functions (Lella and Mahalakshmi 2017; Dishman et al. 2021), it is feasible 
that the early oligopeptides explored many different conformations and moved so 
quickly between different states that no fixed conformation was detectable (Milner-
White and James 2019). The commonest primeval polypeptide conformation might 
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have been the nest, i.e., a biologically active 3–6 residue peptide (Milner-White and 
Russell 2008). For example, the synthetic hexapeptide Ser–Gly–Ala–Gly–Lys–Thr 
has been shown to bind phosphate, while other nests can either bind iron–sulfur 
centers for electrons storage/transfer, or form polymeric channels characterized by 
potassium-driven transmembrane potentials (Milner-White and James 2019).

SANMAO must be formed by the amino acids available on the Hadean Earth. If 
we hypothesize that the primordial soup might have contained ~ 10 natural amino 
acids and peptides < 5 amino acids each, the possible SANMAO’s sequence combi-
nations amount to ~ 110,000 (Schiller 2016). To bring this number down, it should 
be noted that not all the possible amino acid pairs are available for bonding and 
higher affinities generate more persisting biomolecules (Root-Bernstein 1982; Biro 
2007; Lella and Mahalakshmi 2017; Frenkel-Pinter et al. 2020). The most abundant 
amino acids are (and possibly were) the structurally versatile Gly and Ala (Trifonov 
2004).

Peptide flexibility is guaranteed by the small, rotating Gly, rigidity is guaranteed 
by Ala, Tyr, Trp, Phe and conformation changes are guaranteed by His. The hydro-
sulphiric bonds of Cys and Met confer resistance to denaturation, while Pro causes 
α- and β-chains disruption. The outer peptidic surfaces are rich of negative-charged 
Lys, Arg, His, while the inner surfaces are rich of hydrophobic amino acids. Occa-
sionally, peptidic chains may exert opposite biological effects. To make an example, 
cationic poly(Leu-Lys) peptides favor mononucleotide diphosphates’ oligomeriza-
tion and increase the abundance of long RNA oligomers (Frenkel-Pinter et al. 2020), 
while (Leu-Lys)n or (Leu-Lys-Lys-Leu)n peptides exhibit RNA hydrolysis activities 
(Frenkel-Pinter et al. 2020).

Amino acids with complex side chains such as the aromatic and the cationic ones 
are thought to be late recruitments to the genetic code (Wolf and Koonin 2007). 
Despite long-range electrostatics generated by cationic amino acids (i.e., Arg, His, 
and Lys) plays at present a more dominant role than peptide conformation (Fren-
kel-Pinter et  al. 2019), it must be stressed that the cationic amino acids were not 
abundant on the prebiotic Earth (Frenkel-Pinter et al. 2020). When coping with the 
primordial mediums, it must be also kept into account that different environments 
display different temperatures, pH and redox gradients (Holm et  al. 2006; Baaske 
et al. 2007; Russell et al. 0; Fryer 2012; Postec et al. 2015; Lamadrid et al. 2017; 
Preiner et  al. 2018; Cartwright and Russell 2019; Boyd et  al. 2020; Russell and 
Ponce 2020). These variations deeply influence peptides formation, kinetics, folding 
and biological activity.

Our SANMAO’s scenario requires a mechanism for the elongation of the nucleo-
sides’ growing chain similar to the extant mechanism for biological nucleic acids 
synthesis, where the 3′ end of the incoming nucleotide forms a covalent phospho-
diester with the 5′ end of the previous nucleotide. In touch with our requirement, a 
plausible mechanism of ribose 3′ OH orientation has been suggested which favors 
the formation of 5′–3′, rather than the more probable 5′–2′ linkage (Carter Jr and 
Kraut 1973).

The prebiotic peptide catalysis of phosphodiesters, an issue that seems vital for 
the SANMAO hypothesis and may represent a link between prebiotic chemistry and 
the RNA world, has been investigated by Wieczorek et al. (2013). The authors used 
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the catalytic L-dipeptides Ser-His and Ala-His to achieve condensation of activated 
RNA monomers into short RNA chains, proceeding through an intermediate reac-
tion in which dipeptides covalently bind to nucleotide monophosphates.

It is worth mentioning that SANMAO does not require polymerase, hydrolase 
and ligase activity. Indeed, nucleotides’ polymers can spontaneously self-assemble 
even in abiotic environments, where the energy to form the phosphodiester bonds 
between the sugar base of one nucleotide and the phosphate group of the adjacent 
nucleotide is easily available. The biological task of SANMAO is not to create phos-
phodiester bonds, but rather to guarantee and expedite the possibility that two given 
nucleotides get closer to each other, increasing the chances of their spontaneous 
polymerization.

Now, we are finally ready, in the next section of the Results, to build a SANMAO 
and describe its interactions.

3  Results

Here we provide a simulation of an hypothetical oligopeptide supplied with the 
SANMAOs’ required biochemical features. SANMAO must display two active 
zones: the first active zone selectively links a specific amino acid located in a tem-
plate polypeptide, while the second active zone selectively links isolated purines or 
pyrimidines.

To give a proof-of-concept example, we substantiate the chemical steps from Gly 
to its extant corresponding codon, i.e., the triplet codon GGG. Our scenario meets 
specific requirements:

1. We need a peptide acting as a template for the synthesis of nucleic acids chains. 
For sake of simplicity, we will use a gly-gly dipeptide, the simplest to generate 
in every plausible primeval scenario.

2. Also, we need the spontaneous occurrence of a pool of different nucleotides dis-
persed in the primordial milieu, including at least a few guanosine monofosfate 
molecules.

3. Then, we need an oligopepeptide (namely, SANMAO) able to link selectively via 
non-covalent interactions both the Gly and the Guanosyn monofosfate.

Among the countless feasible SANMAO conformations, we suggest a six-amino 
acids long oligopeptide capable of binding both Gly and Guanosyn monofosfate. 
Starting from the N-terminus, our SANMAO displays the following PQGQPG 
sequence:

Pro1-Gln2-Gly3-Gln4-Pro5-Gly6.
The hydrophilic Glu2/Gln4 and the hydrophobic Gly3/Gln6 are small, devoid of 

steric hindrance and provide SANMAO’s conformation flexibility. Our SANMAO 
allows the following non-covalent interactions (Fig. 1):

a. The acidic Glu2 and Glu4 bind the two carbonyl groups of the gly-gly dipeptide.
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b. The hydrophobic Pro1 and Gln2 bind the first molecule of guanosine monofosfate.
c. The hydrophobic Pro5 and Gly6 bind the second molecule of guanosine mono-

fosfate.

SANMAO attains proximity between the two molecules of guanosine monofos-
fate, thus expediting the formation of a covalent phosphodiester bond between the 
5′ end of the first guanosine monofosfate and the 3′ end of the second guanosine 
monofosfate.

Checking for the biological plausibility of the PQGQPG sequence, we ran Uni-
ProtKB for peptide search. The PQGQPG sequence can be found in bacteria, fungi 
and eukaryotes such as Acinetobacter baumannii 99,063, Streptomyces sp. PRh5, 
Oceanicoccus sagamiensis, the fungal plant pathogen Colletotrichum fioriniae PJ7, 
the roundworm Ancylostoma ceylanicum, the African malaria mosquito Anopheles 
gambiae, the common eastern firefly Photinus pyralis, the Atlantic salmon Salmo 
salar, the European red deer Cervus elaphus hippelaphus and also Homo sapiens. In 

Fig. 1  Theoretical steps leading to the formation of Guanosyn polymers starting from a Gly-Gly dipep-
tide and an oligomer with PQGQPG sequence. The Gly-Gly dipeptide (right) acts as a template for the 
polymerization of the purine corresponding to Gly, i.e., the guanosyn-monofosfate (left). The hollow cir-
cles depict the molecular surfaces linked by non-covalent bonds. The yellow circles depict the molecular 
surfaces of the guanosyn-monofosfate where the covalent phosphodiester bonds will take place. For the 
sake of simplicity, the figure illustrates the formation of just two of the three guanosyns forming the tri-
plet codon GGG. (Color figure online)
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humans and other mammals, the PQGQPG sequence can be detected in various col-
lagen proteins. Also, the RCSB Protein Data Bank observed the PQGQPG sequence 
in the Pseudomonas aeruginosa’s minor pseudopilin XcpW, a type II secretion 
machinery carrying virulence factors into the extracellular space (Franz et al. 2011). 
The PQGQPG sequence, which deletion does not impair protein function, is located 
in a pseudolipin’s unstructured proteic extremity that is relatively hydrophobic and 
intrinsically disordered.

Therefore, our theoretical SANMAO sequence is not just biologically plausible, 
but can also be currently found in different taxonomical domains and kingdoms.

Thanks to SANMAO, the extremities of the two nucleotides can be arranged in 
close proximity, thus facilitating spontaneous covalent bond formation. The tran-
sient interactions provided by SANMAO allow peptidic chains to act as templates 
to build increasingly longer chains of nucleic acids that roughly correspond to the 
amino acids of the template polypeptide. At this stage, it does not matter whether 
the nucleic acids chains are made either of RNA, DNA, uncanonical nucleosides or 
unconventional mixtures.

When nucleic acids are achieved from a prototype peptidic template, SANMAO 
allows the reverse operation too. The novel nucleic acid polymer may serve as tem-
plate for building a copy of the prototype polypeptide. Figure  2 summarizes the 
complete theoretical sequence. In the primordial milieu containing biomolecules 
and polymers (Fig. 2A), different SANMAOs link specific amino acids placed inside 
a template peptide (Fig. 2B). Then, every SANMAO links the corresponding nucle-
otidic triplet, giving rise to a progressively longer nucleic acid polymer (Fig. 2C). 
Next, the nucleic acid polymer (Fig. 2D), through the same SANMAOs (Fig. 2E), 
uses the scattered amino acids available in the primordial milieu to produce a copy 
of the template peptide (Fig. 2F). Note that every SANMAO (say SANMAO 1) may 
also act as template peptide for another SANMAO (say SANMAO 2), the whole 
procedure leading to the duplication of the same SANMAO 1.

4  Conclusions

This paper provides a theoretical attempt to elucidate the primeval transmission of 
symbolic information between proteins and nucleic acids, outlining a theoretical 
model of “reverse translation” from short peptides to nucleic acid oligomers at the 
origin of life. For one polymer to faithfully transmit symbolic information to another 
polymer, even one built from the same composite parts, there has to be some kind of 
integral stoichiometric relationship between their strands. The Watson–Crick double 
helix solves this problem in a unique way, because the backbone structures of RNA 
and DNA have largely overlapping stable helix parameters. This problem has been 
quantitatively discussed by Carter Jr and Kraut (1973), who showed that extended 
polypeptide strands curve in such a way that their stable conformations include 
helix parameters matching those of double-stranded RNA if and only if the number 
of amino acids is exactly twice the number of nucleotide bases in the RNA. Such 
stoichiometric equivalence appears to be essential for the reproducible templating 
of one polymer by another. These data are in touch with our account. It might be 
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objected that the model presented in Figs. 1 and 2 is fanciful in two dimensions and 
that the authors would have to construct the corresponding models carefully in three 
dimensions in order to convey even a modicum of reality. However, the available 
data concerning the primeval medium point towards peptides lacking a three-dimen-
sional structure (Milner-White and James 2019).

We suggest the random appearance on the Hadean Earth (about 4 billion years 
ago) of oligopeptides (SANMAOs) able to link both the amino acids and the 

Fig. 2  Theoretical switching from template peptides to nucleic acid polymers and vice versa. The blue 
shapes stand for single nucleosides where A adenine, C cytosine and G guanine. A template polymer 
is depicted in grey and two of its amino acids (Gly and Pro) are highlighted. Two structurally differ-
ent SANMAO molecules (red shapes) correlate distinct amino acids with specific nucleosides. For more 
details, see the main text. (Color figure online)
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purines/pyrimidines scattered in the primeval abiotic medium. SANMAOs acted 
as a buffer between amino acids and nucleic acids, promoting a sort of “reverse 
translation” from peptidic templates to nucleotidic polymers.

Three fundamental premises underlie our scientific effort to address the 
issue of the first cellular replication and to tackle the proteins/nucleic acids’ 
chicken–egg problem via the SANMAO hypothesis:

1. The occurrence of a primeval environment with a continuous source of freely 
available energy is required for the spontaneous synthesis of biomolecules’ poly-
mers. Many energetically plausible paths from inorganic settings to the first living 
cells have been outlined (Sousa et al. 2013). For example, the energetic sources 
for early organic synthesis and systems reactions could have been derived from 
the proton gradients at the hydrothermal vents-ocean alkaline interface (Sousa 
et al. 2013; Damer and Deamer 2020). The nanopores formed by the Fe-rich 
saponite sheets might have acted as confined microenvironments capable of 
preserving biopolymers precursors from the detrimental effects of the aqueous 
medium (Ménez et al. 2018). Then, manifold isolated chemical compartments 
generated mingled agglomerates able to last for long until the SANMAO’s repli-
cation processes began.

2. Physical constraints must be kept into account. Physical rules allow biomolecular 
mixtures, in particular peptides, to self-assemble and cooperate, generating self-
organizing hierarchies of polymeric materials (Jacobs 2021; Trivedi et al. 2022; 
McMullen et al. 2022).

3. The previous prebiotic formation of complex biomolecules is mandatory. The 
availability of amino acids, polypeptides, proteins, purines, pyrimidines, nucleo-
sides and nucleotides is required under prebiotically plausible conditions on the 
Hadean Earth. The challenge is to trace plausible physical–chemical processes 
that permit biomolecules’ abiotic formation and self-regenerating catalytic cycles 
from a handful of simple compounds such as cyanide, water ammonia, and so on 
(Becker et al. 2019; Wołos et al. 2020).

Hence, the availability of the amino acids and peptides in prebiotic settings 
must be investigated. Primordial amino acids and Gly-Gly and cyclo(Gly-Gly) 
oligopeptides were exogenously delivered to the Hadean Earth (and possibly to 
the Noachian Mars) by comets and asteroids through hypervelocity impact shocks 
(Shimoyama and Ogasawara 2002; Holm et al. 2015; Ménez et al. 2018; Eigen-
brode et al. 2018). In the interstellar medium, carbon atoms’ condensation on the 
surface of cold cosmic dust leads to the spontaneous formation of isomeric poly-
glycine peptides (Krasnokutski et al. 2022; Broadley et al. 2022). Simulations of 
impacts of Fe-bearing meteorites/asteroids on  CO2- and  N2-rich oceans suggest 
that glycine and alanine can be spontaneously synthetized from mixtures of Fe, 
Ni,  Mg2SiO4,  H2O,  CO2 and  N2 (Takeuchi 2020). Also, amino acids and pep-
tides may have appeared on the Hadean earth under different geochemical sce-
nario, including Fischer–Tropsch-type synthesis (Russell et  al. 2010; Rouméjon 
and Cannat 2014), Miller and Urey’s spark discharge, Sutherland’s cyanosulfidic 
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protometabolism (Holm et al. 2015; Takeuchi 2020; Kirschning 2021), Strecker 
synthesis (Ménez et  al. 2018), alkylation of indole with pyruvate followed by 
amination under hydrothermal conditions (Ménez et  al. 2018), etc. The starting 
blocks for building amino acids are usually pyruvate, carbohydrate-containing 
molecules, carboxylic acids, ammonium, glutamate, glutamine, aspartate,  H2S 
and thiosulfate (Kirschning 2021). Complex amino acid such as tryptophan can 
be abiotically formed beneath the Atlantis Massif during a serpentinites’ late 
alteration stage, via Friedel–Crafts reactions catalyzed by iron-rich saponite 
clays (Ménez et al. 2018). It is noteworthy that amino acids synthesis may occur 
under various conditions of water supply, pH and temperature, leading, e.g., to 
the production of phenols that are a moiety of tyrosine (Russell et al. 2010), of 
phenylalanyl-phenylalanine and tyrosyl-tyrosine oligomers (Milner-White and 
Russell 2008), of high yields of alanine, glutamate, phenylalanine and tyrosine 
(Milner-White and Russell 2008). Polypeptides can be produced abiotically also 
in extreme conditions. For example, dry glycine polymers are formed at pressures 
up to ~ 250 atm during thermal cycling between 0 and 250 °C (Milner-White and 
Russell 2008). Further, possible amino acids ancestors like depsipeptides produce 
polypeptides during dry-down cycles under mild conditions (Frenkel-Pinter et al. 
2019).

In a SANMAO scenario, the first peptides, utilizing the nucleotides spontane-
ously generated in the primeval medium, acted as a template for nucleic acid polym-
erization. Therefore, the next step is to investigate the availability of nucleic acids in 
prebiotic settings.

The building blocks of RNA and DNA, i.e., the purine/pyrimidine nucleobases 
and their structural isomers, have been detected in carbonaceous meteorites, pos-
sibly generated by photochemical reactions in the interstellar medium and subse-
quently incorporated into asteroids (Oba et al. 2022). When incubated with impact 
and volcanic rock glasses at room temperature, ribonucleoside triphosphates are 
converted to a steady polyribonucleic acid of 90–150 nucleotides in length (Jerome 
et al. 2022). Still, purines and pyrimidines, in particular adenine, may be abiotically 
formed both in seafloor hydrothermal environments and shallow ponds. Purines 
synthesis is feasible along a pathway based on the reaction of formamidopyrimi-
dine precursors with ribose, whereas pyrimidines require a further step involving 
aminooxazoles (Becker et  al. 2019). Fischer–Tropsch type reactions on carbona-
ceous chondrites in the presence of  NH3 and short heating up to 600 °C generate 
the familiar nucleobases, although at very low conversions (Preiner et al. 2018). An 
abiotic one-pot scenario has been suggested to generate purines, pyrimidines and 
also 5′-mono- and diphosphates in the same environment, driven solely by wet–dry 
cycles occurring at low temperatures in a few separated shallow ponds (Becker et al. 
2019). Wet–dry cycles allow mononucleotide mixtures’ polymerization up to > 100 
nucleotides in length (Kirschning 2021). While isocyanates in combination with 
sodium nitrite generate methylated nucleosides (Schneider et al. 2018), the urano-
syl-selective prebiotic synthesis of purine deoxyribonucleosides uses intermediates 
from the prebiotic synthesis of pyrimidines, leading to a mixture of deoxyadenosine, 
deoxyinosine, cytidine and uridine (Xu et  al. 2020). Dry heating combinations of 
glycine, alanine, valine, lysine, asparagine and glutamine produce pterin riboside at 
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160–200 °C for 4–6 h (Preiner et al. 2018). When ultramafic rocks are exposed to 
fluids, the alkalinity may promote abiotic formation of pentoses, particularly ribose 
(Holm et al. 2006). Also, water-soluble polyphosphates like cyclotriphosphate can 
be generated in the vicinity of volcanoes (Kirschning 2021).

In sum, experimental and theoretical approaches suggest that key biomolecules 
such as amino acids, polypeptides, purines, pyrimidines, nucleotides and nucleotides 
were available under various prebiotically plausible conditions, including meteorites 
delivery, shallow ponds and hydrothermal vents scenarios. Nevertheless, biomole-
cules’ prebiotic formation is not an easy process, being bonds formation kinetically 
frustrated by high energy barriers (Frenkel-Pinter et al. 2019). This would mean that 
spontaneously generated biomolecular polymers of reasonable length were present 
on the Hadean Earth, but not abundant (Preiner et al. 2018; Takeuchi 2020).

Another problem is the scarce fidelity of the first SANMAO mechanism of pro-
tein translation. Indeed, structural organization and cell order distribution of granu-
lar systems (Wanjura et  al. 2019) suggest that every hierarchical level adds com-
plexity during assembly at the expense of increases in random errors (Michel and 
Yunker 2019). This would mean that the first efforts to transmit the genetic material 
to the offspring, i.e., the first random couplings between amino acids and nucleo-
sides, were unavoidably prone to errors. Being the primeval translational mecha-
nisms not as accurate and efficient as the modern triplet-based version (Wolf and 
Koonin 2007; Schiller 2016), the ancient peptides gave rise to polymerized strains 
of low-fidelity RNA. Nevertheless, the many mistakes of the primeval “reverse-tran-
sational” mechanism were possibly effective to enlarge the number of codon com-
binations. Then, the natural selection of strong affinity intermolecular interactions 
and the decreased entropy of the best couplings led to increased stabilization over 
long timescales (Schiller 2016). Due to decoding systems’ evolutionary pressures 
(Otten et al. 2020; Torres de Farias and José 2020), the subsequent emergence and 
selection of RNA drove the separation of catalytic and genetic functions (Schiller 
2016). Then, repetition and duplication of simple peptidic and nucleic acids poly-
mers took progressively place (Milner-White and James 2019). Synergy and co-evo-
lution among diverse classes of molecules including polyesters and depsipeptides 
contributed to attenuate hydrolysis rates, promote folding/solubility and accelerate 
ligand binding/catalysis (Frenkel-Pinter et  al. 2020). Actually, cationic proto-pep-
tides significantly increase the thermal stability of folded RNA structures, while 
RNA increases by > 30-fold the depsipeptides’ lifetime (Frenkel-Pinter et al. 2020).

Our model holds true even in the case in which the stereochemical hypothesis 
of the origin of the genetic code was false. Indeed, SANMAO does not neces-
sarily require stereochemical relationships between amino acids and codons and/
or anticodons. Further, covalent interactions between the peptide moiety and the 
nascent nucleic acid should also be taken into account (Müller et al. 2022). The 
SANMAO model hypothesizes that non-covalent interactions such as hydrogen 
bonds allow information flow from the template peptide to the nucleic acids. Yet, 
the model can be reasonably modified assuming the presence of covalent bonds 
between the SANMAO oligopeptide and the growing nucleic acid fragments. 
Each template amino acid (such as, e.g., Gly) could match a single SANMAO 
oligopeptide covalently linked with a nucleotide fragment that corresponds to the 
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amino acid codon (such as, e.g., GGG in the case of Gly), leading to the forma-
tion of covalent phosphodiester bonds and nucleoside fragments. To support this 
claim, it has been hypothesized that a natural tendency to interactions between 
pre-mRNA molecules and peptidated-RNAs sustained the catalytic role in the 
phase that triggered the genetic code origin (Di Giulio 2015). Di Giulio’s model 
suggests that the pairing between peptidated-RNAs and pre-mRNAs involving a 
base number greater than three would represent the first form of the genetic code, 
followed by a natural evolutionistic tendency towards the more efficient triplet 
conformation. Therefore, the origin of enzymatic catalysis could be traced to the 
early relationship between nucleotides and amino acid components, via an inter-
mediate formed by tRNA-like molecules covalently linked to polypeptides (Di 
Giulio 1997). The genetic code would result from a very long era of interactions 
among peptidated-RNAs, the extant tmRNAs representing the molecular fossils 
of the evolutionary stages that led to the appearance of the first mRNAs.

Catalytic and reproducing systems prone to Darwinian selection eventually 
developed, generating versatile and resilient metabolic “hypercycles” that cir-
cumvented the potential “error catastrophe” due to the formation of long strings 
of random sequences (Mossela and Steel 2005). Further, thousands of metabolic 
innovations on earlier phylogenetic branches were facilitated by horizontal gene 
transfers, breeding stepwise adaptation to successive environments and ensuing 
regulatory adaptations (Pang and Lercher 2018).

It has been argued that life emerged many times via multiple different histori-
cal pathways (Kempes and Krakauer 2021). If life spontaneously arose on the 
Hadean Earth from rather trivial non-organic assemblies, why it has not been 
produced de novo after the appearance of the last universal common ancestor 
(LUCA)? We suggest a straightforward answer: any viable effort after LUCA to 
produce unprecedented life was doomed to fail because of natural selection. After 
LUCA, the likely newcomers generated from organic precursors of low com-
plexity would have been too fragile to compete with well-adapted LUCA’s heirs 
equipped with consolidated selective advantage and plastic immune memory 
(Ferro et al. 2019; Bernheim et al. 2021; Wein and Sorek 2022).

Our work has a limitation, i.e., the molecules presented here have not been 
synthesized and no molecular modelling has been performed. Our fully theoreti-
cal model would require experimental support, by achieving the proposed hexa-
peptide commercially from a custom peptide-synthesis company to investigate 
the proposed interactions, possibly using a technique such as surface plasma reso-
nance. In addition to testing for the existence of interactions, there would also be 
the need to test for their specificity and catalytic properties, as our model would 
appear to require that different peptide sequences form interactions with different 
amino acids.

In sum, in touch with the literature, we assume that life is a spontaneous process 
consisting of self-assembly of complex molecules. Focusing on the crucial step of 
protein translation, we propose, this time against the literature and the central dogma 
of molecular biology, an unusual but plausible scenario in which peptides lead to 
nucleic acid polymers.
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