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Abstract
The origin of the genetic code is probably the central problem of the studies on the origin 
of life. The key question to answer is the molecular mechanism that allows the association 
of the amino acids with their triplet codons. We proposed that the codon-anticodon duplex 
located in the acceptor stem of primitive tRNAs would facilitate the chemical reactions 
required to synthesize cognate amino acids from simple amino acids (glycine, valine, and 
aspartic acid) linked to the 3′ acceptor end. In our view, various nucleotide-A-derived cofac-
tors (with reactive chemical groups) may be attached to the codon-anticodon duplex, which 
allows group-transferring reactions from cofactors to simple amino acids, thereby produc-
ing the final amino acid. The nucleotide-A-derived cofactors could be incorporated into the 
RNA duplex (helix) by docking Adenosine (cofactor) into the minor groove via an interac-
tion similar to the A-minor motif, forming a base triple between Adenosine and one comple-
mentary base pair of the duplex. Furthermore, we propose that this codon-anticodon duplex 
could initially catalyze a self-aminoacylation reaction with a simple amino acid. Therefore, 
the sequence of bases in the codon-anticodon duplex would determine the reactions that 
occurred during the formation of new amino acids for selective binding of nucleotide-A-
derived cofactors.

Keywords RNA world · Ribozyme · Origin of genetic code · Nucleotide-derived 
cofactors · A-minor motif · Codon-anticodon duplex

Introduction

The genetic code, the association between amino acids and trinucleotides (codons), shows 
that the codon arrangement in the standard genetic code table is non-random, i.e., related 
codons (those that differ at only one of the three positions) are assigned to similar amino 
acids.
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Three major theories propose an explanation for the origin of the genetic code based on 
the nature of the driving force for amino acid assignments to the codons: the stereochemi-
cal theory (direct chemical interactions between RNA–codons and/or anticodons- and 
some amino acids) (Woese 1965; Shimizu 1982; Szathmary 1993; Yarus 1998; Yarus et al.  
2005; Koonin and Novozhilov 2017), coevolution theory (biosynthetic pathways for gener-
ating new amino acids from early amino acids covalently attached to pre-tRNAs, leading to 
the development of the genetic code) (Wong 1975; Di Giulio 1994, 1998, 2008), and adap-
tive theory (adaptation-error minimization) (Freeland and Hurst 1998; Massey 2008; Higgs 
2009). According to frozen accident theory the current codon assignment is mainly a his-
torical accident and “yet related amino acids would be expected to have related codons” 
(Crick 1968).

Moreover, it has been suggested that these models are not mutually exclusive. Several 
models resulting from a combination of these basic models have been proposed (Knight 
et al. 1999; Copley et al. 2005; Kun and Radványi 2018). One of these models proposed 
that specific dinucleotides could have catalyzed the chemical reactions converting alpha-
keto acids (covalently attached to dinucleotides) to specific amino acids, i.e., to their cog-
nate amino acids (Copley et al. 2005), utilizing some strategies used by ribozymes.

It is generally accepted that current tRNAs arose during the RNA stage by ancestral 
duplication of an RNA hairpin structure (Bloch et al. 1985; Möller and Janssen 1990; Di 
Giulio 1992). Direct duplication of the precursor hairpin RNA molecule would have gener-
ated two regions (with two identical trinucleotide sequences); one could have evolved into 
the anticodon loop region and the other into the acceptor stem region, together forming 
the area that houses the main determinants of tRNA identity (Möller and Janssen 1990; 
Di Giulio 2004). The first substantial, if indirect, evidence supporting this notion was pre-
sented as possible presence of the codon-anticodon pairs in the acceptor stem of primitive 
tRNAs (Rodin et al. 1996). More recent and compelling evidence in support of a common 
ancestor for both codes (i.e., the RNA operational code embodied mostly in the acceptor 
stem and the genetic code per se embodied in the anticodon (Schimmel et al.  1993)) was 
also reported (Rodin et al. 2009).

It is possible that during ancestral stages of life, given the abundance of simple amino 
acids (such as glycine, valine, aspartate, and glutamate) originating from prebiotic pro-
cesses, these amino acids could interact with small RNAs (such as the RNA minihelix 
-pre-tRNA-) by allowing or facilitating the synthesis of aminoacyl-RNA molecules. The 
presence of codon-anticodon pairs in the 3´ end of RNA minihelix may have allowed the 
binding of amino acids to these pre-tRNAs. The emergence of primitive tRNA (with antico-
dons and codon-anticodon pairs in the acceptor stem) and the formation of catalytic tRNA 
dimers (Martínez-Giménez and Tabares-Seisdedos 2002) may have facilitated this process.

In this ancestral scenario, we propose a model for the origin of the genetic code com-
prising a similar A-minor motif interaction between cofactors derived from adenosine 
monophosphate (AMP) nucleotide (nucleotide-A-derived cofactor) and the complementary 
base pairs of the codon-anticodon duplex.This could determine the specific cofactors linked 
(united) to the catalytic tRNA dimer dependent on the base sequence in the codon-anticodon 
duplex (in the acceptor stem). Thus, this interaction (similar to the current A-minor motif) 
and the sequence of the codon-anticodon duplex could establish the order and nature of the 
cofactors attached to the codon-anticodon duplex, which would position the reactive groups 
(of the cofactors) close to the simple amino acid (attached by a covalent bond to the end of 
the acceptor stem in the tRNA dimer). Moreover, this would facilitate group-transferring 
reactions from cofactors to the simple amino acid by generating new amino acids. Thus, 
the nature of the cofactors attached to the codon-anticodon duplex (in the acceptor stem of 
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the catalytic tRNA dimer), which would depend on the duplex sequence, could generate a 
new amino acids on the acceptor (see Fig. 1). This process would also depend on the simple 
amino acid initially attached to the tRNA dimer.

We propose that the codon-anticodon duplex of the tRNA catalytic dimer could facili-
tate the synthesis of new amino acids from simple amino acids using nucleotide-A-derived 
cofactors. RNAs can catalyze a wide range of chemical reactions (Cech et al. 1981; Zhang 
and Cech 1997; Jadhav and Yarus 2002; McGinness and Joyce 2003). Thus, the codon-
anticodon duplex may catalyze reactions for the formation or modification of simple amino 
acids based on: (i) the positioning and electrostatics of reactants by hydrogen bonding 
interactions, (ii) the use of  Mg2+coordinated to phosphate groups as catalysts, (iii) attach-
ment of nucleotide-derived cofactors such as S-adenosylmethionine (SAM), flavin-adenine  
dinucleotide (FAD), coenzyme A (CoA) and phosphate of pyridoxal(PLP), (iv) the cata-
lytic potential of the 2′-hydroxyl group  in tRNA, (V) use of nucleobases to directly par-
ticipate in general acid–base catalysis and (vi) the functional groups of modified bases  
in the anticodon. Many of these strategies are used by natural and selected ribozymes 
(Nakano et al. 2000; Adams et al.  2004; Das and Piccirilli 2005; Wolk et al. 2020; Minajigi  
and Francklyn 2008; Jiang et al. 2021).

In 1976, White proposed that current nucleotide-derived cofactors are relics of the cata-
lytic center of ancestral ribozymes.

Recently, a small natural ribozyme that catalyzes the transfer of a methyl group from 
the SAM cofactor to a base was reported (Jiang et al. 2021). Furthermore, a natural pre-
queuosine  (Q1) riboswitch can catalyze the self-methylation reaction using  m6preQ1 
 (O6-methyl-prequeuosine molecule) as a cofactor (Flemmich et  al. 2021). These studies 
show that RNA can catalyze different reactions (unrelated to the phosphodiester bond), 
such as methylation, using small molecules as cofactors. One initial study showed 
that a natural cofactor-riboswitch has catalytic activity (Winkler et  al. 2004). These 

Fig. 1  Model for the synthesis of new amino acids from simple amino acids covalently attached to RNA 
minihelices for selective binding of nucleotide-A-derived cofactors to codon-anticodon duplex

151A Cofactor-Based Mechanism for the Origin of the Genetic Code



1 3

findings support the proposal that some current riboswitches (that bind coenzymes) may be 
descendent from ancient ribozymes that synthesized these coenzymes or used to catalyze 
metabolic reactions (Breaker 2006; Cochrane and Strobel 2008).

Moreover, the FAD cofactor functions as a novel methylating agent in the methyla-
tion reaction catalyzed by the flavoprotein thymidylate synthase X FAD/folate-dependent 
(ThyX) enzyme (Hamdane et al. 2012; Mishanina et al.  2016).

A Cofactor‑Based Mechanism for the Association of Amino Acids 
with their Codons

In this study, we propose a mechanism for the association between amino acids and their cog-
nate codons. In our view, an initial scenario with pre-tRNAs (RNA minihelix) having codon-
anticodon pairs in the 3´end and a high concentration of simple amino acids (such as glycine, 
valine, aspartate and glutamate) could allow the formation of specific aminoacyl-RNAs based 
on the weak interactions between glycine and a codon-anticodon pair of RNA minihelix. As 
noted above, primitive tRNA emergence (with anticodons and codon-anticodon pairs in the 
acceptor stem) and catalytic tRNA dimer formation (Martínez-Giménez and Tabares-Seisdedos 
2002, 2021) could have facilitated this process.

Thus, we propose that glycine could have some preference for the codons of columns 
two and four of the code table, valine for codons in column one, and aspartate (glutamate) 
for codons in column three. Interestingly, one glycine-dependent riboswitch, only 86–126 
nucleotides in size, has been reported (Mandal et al. 2004).

In this article, we propose that the codon-anticodon duplex located in the acceptor stem 
of primitive tRNAs facilitates the chemical reactions required to synthesize their cognate 
amino acids from simple amino acids (glycine, valine, glutamic acid and aspartic acid) 
linked to the 3′ acceptor end. In our view, various nucleotide-A-derived cofactors (with 
reactive chemical groups) may be attached to the codon-anticodon duplex, which allows 
group-transferring reactions from cofactors to simple amino acids, leading to the final 
amino acid (see Fig.  1). The nucleotide-A-derived cofactors could be incorporated into 
the RNA duplex (helix) by docking into the minor groove via an interaction similar to 
the A-minor motif, forming a base triple between A (cofactor) and one complementary 
base pair of the duplex (see Fig. 2). Tethering of the substrate (amino acid) and cofac-
tor in close proximity via the codon-anticodon duplex might favor the transfer reaction. 

Fig. 2  Molecular model of the 
A-minor interaction (type I) 
between adenosine (FAD cofac-
tor) and the second Watson–
Crick (G-C) base pair of the 
codon-anticodon RNA duplex 
(column two of code table)
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Furthermore, we propose that this codon-anticodon duplex could initially catalyze the 
self-aminoacylation reaction.

The self-aminoacylation process of tRNA with simple amino acids need not be specific, 
because some group-transferring reactions between the cofactors and this amino acid could 
not occur. Thus, valine binding to a  tRNAgly molecule could not have an effect because the 
cofactor specific for this codon-anticodon duplex, pyridoxal phosphate (PLP), could not 
activate the carbon of valine.

The most likely group-transferring reaction is the addition of methyl groups to the initial 
amino acid, resulting in one new amino acid. Thus, a catalytic strategy could comprise the 
interaction of PLP (linked to the duplex by stacking between bases in the codon-anticodon 
helix) and the amino group of the amino acid forming a Schiff base, which could activate 
the (alpha)carbon (amino acid) and react with the methylene group of another FAD cofac-
tor (attached to the base pair adjacent to the helix by A-minor interaction). Thus, a serine is 
produced from one initial glycine.

The sequence of bases in the codon-anticodon duplex would determine the types (nature) 
of reactions to form new amino acids for the selective binding of nucleotide-A-derived 
cofactors. Hence, the binding order of cofactors based on the triplet sequence would allow 
one specific reaction and the synthesis of a specific new amino acid (see Fig. 1).

Although the interaction of the A-minor motif is not very specific because the A-A 
dinucleotide in ribosomal RNA can recognize and interact with all correct types of 
Watson–Crick complementary base pairs in the short helix formed by interaction 
between tRNA anticodons and mRNA codons in the decoding process (during transla-
tion in ribosome) and in the tertiary structure of ribozymes (also the rRNA), a study 
showed that the interactions with C-G pairs predominated within ribosomal RNA (Nis-
sen et al. 2001; Doherty et al.  2001). We propose that since the nucleotide-A-derived 
(5′-5′) cofactor is different from the A-A (3′-5′) dinucleotide of the decoding site (in 
ribosomal RNA), some cofactors may show a preference for the C-G base pairs of the 
codon-anticodon duplex and other cofactors for the A-U base pairs. In our view, the 
cofactors may have the following preferences in their interactions with the second base 
pair of codon-anticodon duplex: the FAD cofactor for G-C (Watson–Crick) base pairs 
(in the codon-anticodon duplex of tRNA dimer) of columns two and four of the code 
table (by A-minor interaction), the SAM cofactor for the A-U base pairs in the codons 
of column one (and some codons of three column; by stacking), and the CoA cofac-
tor for the codons in columns three and four (by A-minor interaction). Other cofac-
tors could have a low specificity, such as PLP and adenosylcobalamin (with a metal; 
AdoCbl). In short, these would be the basic rules that govern the interactions between 
the nucleotide-A-derived cofactors (adenosine) and the Watson–Crick base pairs.

Interestingly, in the natural ribozyme using SAM as a cofactor, the A base (of SAM) is 
inserted between A10 and U9 and stacked with A10 of the ribozyme (Jiang et al. 2021), 
i.e., these two bases are the closest to the A base of SAM. Other study (related with SAM) 
shows similar specificity for these A and U bases (Montange and Batey 2006).

Four types (variants) of the A-minor motif have been identified in the current RNAs 
(Nissen et al.  2001). In our vision, the FAD and CoA (and AdoCbl) nucleotide-A-derived 
cofactors could be incorporated into the RNA via an A-minor interaction of the type I 
between the adenosine (cofactor) and the second base pair of duplex (see Fig. 2). Moreo-
ver, we suggest that the SAM cofactor could have been incorporated in the RNA stacked 
between the first and second base pair of duplex. Thus, the second base pair could be 
regarded as a basic determinant in the nature of reactions occur via the selection of spe-
cific nucleotide-A-derived cofactor, in brief, a major, ancestral identity determinant of new 
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formed amino acid. The present-day identity determinants could be the descendants of those 
ancestral determinants (in codon-anticodon duplex of pre-tRNA) that could have survived 
in the acceptor region of tRNAs.

These A-minor interactions are the most abundant tertiary structure interactions in the ribo-
somal RNA (Nissen et al.  2001). These interactions are basic in stabilizing the tertiary struc-
ture of RNA folds.

In summary, we propose that this primitive coding mechanism for new amino acid synthe-
sis could be based on an interaction similar to the A-minor motif. This interaction is used in 
the current decoding mechanism of genetic information by the ribosome during genetic trans-
lation (Ogle et al.  2001).

Thus, we propose that the specificity of both amino acid–RNA interactions and cofactor–base 
pair (codon-anticodon duplex) interactions, although poor, could generate a reproducible pattern 
of reactions in the synthesis of new amino acids.

Although various studies have supported the prebiotic synthesis of some coenzymes or 
cofactors (Austin and Waddell 1999; Goldman and Kacar 2021; Kirschning 2021b), it has not 
yet been achieved.

One key fact is that the current biosynthesis of all 20 amino acids requires different sets of 
coenzymes, such as PLP,  NAD+ (nicotinamide-adenine dinucleotide), CoA, and TPP (thia-
mine pyrophosphate). In the origin of life both molecules (amino acids and cofactors) could 
be formed independently of each other under prebiotic conditions (Kirschning 2021b). The 
prebiotic synthesis of at least several amino acids as the methionine occurs in variations of the 
classical Miller experiment (Bada 2013).

In one primitive scenario, coenzymes or cofactors could be partners of RNA rather than 
proteins (Kirschning 2021a, b). Moreover, the poor (catalytic) activity of pre-biotically formed 
coenzymes can be overcome by binding to short RNA fragments (Kirschning 2021a, b).

Furthermore, the notion that the coenzymes originated before the enzymes was suggested 
previously (Hartman 1975; White 1976). It has been suggested that ancestral cofactors (dif-
ferent from current cofactors) could function catalytically without proteins (along with metal 
ions and acting on surfaces supplied by clays) and with the capacity for self-replication, i.e., 
acting as the ancestral hereditary apparatus (Eakin 1963).

Another key element to establish a reproducible code is that each nucleotide-A-derived 
cofactor (which is universal) comprises an adenosine nucleoside and carries a different chemi-
cal structure with a chemically reactive group. Therefore, we propose that the reproducibility 
of binding of these two different chemical substances in the same molecule, the nucleotide-A-
derived cofactor, is essential to establishing the genetic code. In our view, the presence of a 
conserved, universal group of nucleotide-A-derived cofactors was fundamental in the origin of 
a universal genetic code.

A recent study shows that  NAD+ coenzymes are incorporated in bacterial RNA during the 
initiation of transcription by RNA polymerase (Bird et al.  2016). Other study showed that the 
 NAD+ and 3´-desphospho-coenzyme A (dpCoA) coenzymes could only reside at the 5´end of 
RNA (Kowtoniuk et al.  2009). These works support the notion that the coenzymes could have 
been also involved in genetic (mechanism) processes in the origins of life.

Formation of some amino acids located in columns two and four of the genetic 
code table

Recent findings have shown that FAD can also mediate methyl transfer as a coenzyme of 
nucleic acid methyltransferases (Hamdane et al. 2012; Mishanina et al. 2016).
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Based on this model, we propose that most codons in columns two and four of the code 
table initially bind glycine on the catalytic tRNA dimer (see Fig. 3). Moreover, the codon-
anticodon pairs of the tRNA dimer could have simultaneously attached the FAD cofactor 
(on the second base pair of codon-anticodon duplex) and PLP (on the first base pair, closer 
to glycine). The A nucleoside of the FAD cofactor could have been incorporated at the 
codon-anticodon duplex (in the acceptor stem of tRNA) docked by an A-minor interaction, 
forming a base triple with the central G-C base pair, which would allow the positioning of 
reactive groups of the cofactor in proximity to glycine. The aldehyde group of PLP could 
form an imine (Schiff base) linkage with the amino group of glycine, which would activate 
one C-H bond, i.e., the deprotonation of the alpha carbon (glycine) with the formation of 
one carbanion stabilized by PLP. Subsequently, the alfa-carbanion of glycine (stabilized by 
PLP) could attack the methylene (-CH2OH) group of the FAD cofactor, yielding the serine 
amino acid (see Fig. 3).

We propose that all the codons of column two yield serine, except for the GCN (N = A, G, 
U, and C) codons, with a higher specificity for the FAD =  CH2 cofactor generating alanine.

Moreover, we propose that the ACN codons (in column two) could undergo one addi-
tional (methyl) group-transferring reaction using two cofactors (FAD and other), yielding 
one threonine from the initial serine. In this case, the codon-anticodon duplex would have a 

a b

c

Fig. 3  Some steps of cofactor-based mechanism proposed for the formation of serine amino acid from 
the glycine by tRNA dimer. The structure of primitive tRNAs is proposed to have been similar to current 
tRNAs. a Binding of amino acid to the primitive tRNA. b Selective binding of two nucleotide-derived 
cofactors by codon-anticodon duplex. Activation of amino acid by PLP cofactor. c Group-transferring reac-
tion from FAD(N) = CHOH cofactor to the activated amino acid and formation of new amino acid (serine)
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specific affinity for these cofactors. The FAD =  CH2 cofactor could interact with the second 
base pair of the codon-anticodon duplex (by an A-minor interaction). We propose that one 
cofactor (possibly with one metal ion in their molecule, similar to the adenosyl-cobalamin) 
would interact with the first base pair of codon-anticodon duplex (by similar an A-minor 
interaction), generating one activated beta-carbon (of serine) that could attack the methyl 
group in the FAD =  CH2 cofactor, thereby producing threonine. One possibility is that only 
the ACN codons of the column showed an affinity for these cofactors.

In organic chemistry, a catalyst (with metal ions in the molecule) has been developed 
to convert the carbon-hydrogen (C-H) bonds of complex molecules into functional groups 
(with the addition of a methyl group) (Corcoran and Schultz 2020). Moreover, in some 
cases, organic catalysts resemble natural cofactors; thus, new catalysts have been devel-
oped from existing cofactors using a chemomimetic approach (Prier and Arnold 2015). 
Cofactors such as the current adenosyl-cobalamin but simpler than it could have played a 
role in threonine synthesis.

Moreover, we propose that most codons in column four would produce serine, except 
the GGN codons that generate glycine, which could bind the FAD and PLP cofactors, 
but the final structure would not have sufficient capacity to catalyze chemical reactions. 
Moreover, we propose that the tRNA dimers with UGY (Y = U and C; in column four) in 
the codon-anticodon duplex could undergo one additional reaction using acetyl-CoA as a 
cofactor by generating O-acetyl-serine, which could subsequently react with  H2S to yield 
cysteine.

Formation of amino acids located in column one of the genetic code table

Based on this model, we propose that most column one codons would initially bind valine 
to the catalytic tRNA dimer. Moreover, the codon-anticodon pairs of tRNA dimers could 
have simultaneously attached the SAM cofactor (stacked between the first and second base 
pair of the codon-anticodon pair) and other cofactor similar to adenosyl-cobalamin (with 
one metal ion). This latter cofactor would have been incorporated at tRNA by an A-minor 
interaction with the first base pair of the codon-anticodon duplex. This would position the 
reactive (metal ion) groups of the cofactor in proximity to the valine, facilitating the activa-
tion of a C-H bond in the last carbon. We propose that valine’s activated carbon atom could 
attack the methyl group of the SAM cofactor to yield the isoleucine amino acid through 
one methyl-group transfer from the SAM cofactor to valine (see Fig. 4).

Given the affinity of the SAM cofactor with the codons of the first column of the genetic 
code table, it possibly had a somewhat different interaction with the AUG codons of the 
codon-anticodon duplex without amino acid attachment. Therefore, on this occasion, the 
transfer of a methyl group would not occur; however, the complete methionine amino acid 
would be transferred from the SAM cofactor to the codon-anticodon duplex.

Formation of some amino acids located in column three of the genetic code table

In our view, we suggest that all codons of the column three would initially bind to aspartic 
acid and glutamic acid, as in the current GAN codons.

The AAR ( R = A or G) codon could bind to glutamic acid in the codon-anticodon 
duplex located at the 3′ end of the tRNA dimer. Moreover, the codon-anticodon pairs of 
the tRNA dimer could simultaneously attach to the acetyl-CoA cofactor (on the second or 
third base pair of the codon-anticodon duplex) and other cofactor (on the first or second 
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base pair of the codon-anticodon duplex). The cofactor attached to the first or second base 
pair could facilitate the activation of one carbon and decarboxylation of glutamic acid. 
The modified bases of anticodons could also facilitate this process. We propose that the 
activated carbon could attack the reactive group of the acetyl-CoA cofactor, which would 
allow the acyl group (2 C) transfer to the amino acid residue. Subsequently, the  NADH+ 
cofactor could have been incorporated at these codon-anticodon pairs to facilitate keto 

a b

c d

Fig. 4  Potential cofactor-based mechanism for the formation of isoleucine amino acid from the valine by 
tRNA dimer. The structure of primitive tRNAs is proposed to have been similar to current tRNAs. a Bind-
ing of amino acid to the primitive tRNA. b Selective binding of two nucleotide-derived cofactors by codon-
anticodon duplex. Activation of amino acid by cofactor similar to adenosyl-cobalamine. c Group-transfer-
ring reaction from SAM cofactor to the activated amino acid. d Formation of new amino acid (isoleucine)
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group reduction. Finally, other cofactors may have been involved in the addition of amino 
groups, which allowed the formation of lysine amino acids from glutamic acid.

Other type of cofactor could have been involved in adding one amino group to both 
aspartic acid and glutamic acid in their respective codons, generating asparagine (in AAC 
and AAU codons) and glutamine (in CAA and CAG codons).

Discussion

The RNA world hypothesis (Gilbert 1986) is currently the most accepted notion on the ori-
gin and evolution of the molecular genetic systems, in which RNA molecule functioned as 
both catalyst and (informational molecule) template. The model postulates one early era of 
self-replicanting RNAs which was later followed by the emergence of the genetic transla-
tion.Various models on the nature of the polymerase ribozyme have been proposed (Camp-
bell 1991; Gordon 1995; Poole et al. 1998).

The RNA world notion is supported by the discovery of natural catalytic RNAs (Cech 
et al.  1981; Guerrier-Takada et al.  1983) and the finding that ribosomes are macromolecu-
lar machines with a RNA-based catalytic center (Ban et al.  2000).

The numerous discoveries of metabolite-sensing riboswitches and the studies that show 
that in  vitro-selected and natural RNAs can catalyze reactions using small molecules as 
cofactors (including SAM cofactor) (Winkler et al.  2004; Scheitl et al.  2020; Jiang et al.  
2021; Flemmich et al.  2021) support the notion that a complex biochemistry could have 
evolved in this RNA world. One exciting hypothesis is that present-day riboswitches for 
common cofactors may have evolved from ancient ribozymes that synthesized these coen-
zymes or used them to catalyze metabolic reactions (Breaker 2006; Cochrane and Strobel 
2008). One key fact is that the current biosynthesis of all 20 amino acids requires different 
sets of coenzymes, such as PLP, NAD, CoA, and TPP. In the origin of life both molecules 
(amino acids and cofactors) could be formed independently of each other under prebiotic 
conditions (Kirschning 2021b). The prebiotic synthesis of at least several amino acids as 
the methionine occurs in variations of the classical Miller experiment (Bada 2013). More-
over, the FAD cofactor functions as a novel methylating agent in the methylation reac-
tion catalyzed by the flavoproteinthymidylate synthase X FAD/folate-dependent (ThyX) 
enzyme (Hamdane et  al. 2012; Mishanina et  al.  2016). These data would support our 
model for the origin of genetic code. Moreover, a recent study shows that  NAD+ coen-
zymes are incorporated in bacterial RNA during the initiation of transcription by RNA 
polymerase (Bird et al.  2016).

In our view one stage prior to the origin of genetic code was the emergence of nucle-
otide-derived cofactors, i.e., one stable community of molecules. Moreover, the bipartite 
structural feature of the nucleotide-A-derived cofactors was a basic element in the origin of 
the code.

In one RNA-based stage the RNA-catalyzed CoA, SAM, and FAD synthesis from their 
precursors (4´-phosphopantetheine, methionine, and FMN, respectively) it is possible. A 
study shows that RNAs are able to catalyze the synthesis of various coenzymes (CoA, 
FAD and NAD) (Huang and Yarus 2000).

Although the model above we have presented in relation to a scenario with fully formed 
tRNA, it may also be compatible with an earlier minihelix-based scenario (see Fig. 1).

In our view on the origin of code, the early association (matching) between amino acids 
and tRNA precursors could be driven by two types of direct interactions:
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1. The direct stereochemical interaction between the simple amino acids (glycine, valine 
and aspartic acid) and the codon-anticodon duplex in the end of the (pre-tRNA) mini-
helix. This minihelix could have functioned as a self-aminoacylating ribozyme. This 
interaction had low affinity and the high concentration of the simple amino acids could 
have favored it.

2. One direct interaction between the adenosine of nucleotide-A-derived cofactor and the 
central base pair of codon-anticodon duplex (in the RNA minihelix with attached amino 
acid) via the A-minor motif of type I (with the formation of base triple) (see Fig. 2). 
In this interaction the adenosine N1, C2, N3 and 2´hydroxyl (O2´) groups interact 
(through hydrogen bonds) with the entire minor groove surface of second base pair 
(codon-anticodon duplex), including both riboses (Doherty et al.  2001; Nissen et al.  
2001). The adenosine of SAM cofactor could have been incorporated at the end of RNA 
minihelix stacked between pair bases in duplex.

In contrast to other models on the origin of code, in our proposition the association 
(matching) of amino acids with their codons was conducted mainly in the language of 
nucleic acids via the A-minor interaction, one base triple between adenosine (cofactor) and 
Watson–Crick base pair (RNA). According with the model the information used in the syn-
thesis of new amino acids is stored in the sequence of the pre-tRNA (minihelix) molecule 
and located in their 3´ end. This stored information in the sequences (pre-tRNA) located at 
acceptor end (codon-anticodon duplex) of molecule is read by the one-half of the cofactor 
(the A nucleotide) and executed by the other-half of the cofactor (the part with the reactive 
chemical group).

In our view genetic information stored in the RNA sequence was processed by nucle-
otide-A-derived cofactors. The capacity to process the information was possible by the 
bipartite structure of the nucleotide-A-derived cofactor. The nucleotide one-half of cofac-
tor allows the recognition and binding of one specific base pair (in the codon-anticodon 
duplex). Immediately after this correct binding of cofactor to RNA minihelix, the reactive 
group-carrying other-half was positioned in such a way that the chemical group-transfer-
ring reaction from cofactor to amino acid can take place (can be carried out). The instruc-
tions for carrying out a particular chemical reaction and the instructions for reading the 
RNA sequence were embodied in the same molecule, the nucleotide-derived cofactor. In 
our model the role played by the nucleotide-A-derived cofactors is fundamental.

In the model, as in each of the chemical reactions in the synthesis of the amino acids 
two cofactors are involved simultaneously, it is possible that this operating mode could 
have determined the size of the codons as one triplet to be able to bind two cofactors 
each time. One nucleotide-A-derived cofactor (cofactor 1) should allow the activation of 
amino acid 1 and other nucleotide-A-derived cofactor (cofactor 2) would serve as carrier 
of a specific functional group (see Fig. 1). On our view, the coding mechanism was based 
in the selective binding of nucleotide-A-derived cofactors by the codon-anticodon duplex 
(Fig. 1). Moreover, the codon-anticodon duplex could bring together (in correct position-
ing) a group(reactive)-carrying cofactor (cofactor 2) and the activated amino acid 1 allow-
ing the catalysis, i.e., the group-transferring reaction from cofactor 2 (auxiliary catalyst) 
to amino acid 1 generating a new amino acid (amino acid 2) (see Fig. 1). This process can 
be repeated two or more times during the synthesis of more complex amino acids as the 
lysine.

We posit that the capacity of the FAD cofactor to function as a methylating agent could 
be regarded as a molecular fossil of their role during the origin of genetic code.
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Furthermore, the binding order of cofactors through the triplet sequence would allow 
one specific reaction and one synthesis specific to one new amino acid.

Other model point out also that the bases and their sequence are basic in the origin of 
genetic code (Copley et al. 2005, 2007).

The other regions of the self-aminoacylating ribozyme molecule could bind cofactors, 
but only the three base pairs at the 3′ end of the molecule would allow the attachment of 
the cofactors (with the adenosine nucleoside) close to the amino acid covalently bound to 
the 3′ end of the ribozyme, allowing specific chemical reactions on the amino acid.

The metabolic primitive pathways proposed for amino acid synthesis should have fewer 
steps and different routes than the current pathways. However, similar sets of coenzymes 
are required in both metabolic processes. In other words, only the use of nucleotide cofac-
tors would have been preserved over time by nature.

It is possible to think that nature of current 20 natural amino acids was conditioned by 
the chemical nature of the initial nucleotide-A-derived cofactors.

In our model, the addition of methyl groups to different amino acids originating from 
prebiotic processes is a key element in the development of this genetic code. Although it is 
difficult to obtain many cofactors by synthesis under prebiotic conditions, there seem to be 
indications that this is possible.

The amino acids could have played a role important in the RNA world related with an 
increase of catalytic activity of RNAs (Gibson and Lamond 1990; Szathmary 1993; Roth 
and Breaker 1998; Grosjean et al. 2004).
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