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Abstract. A review of the most significant contributions on the early phases of genetic code origin
is presented. After stressing the importance of the key intermediary role played in protein synthesis,
by peptidyl-tRNA, which is attributed with a primary function in ancestral catalysis, the general lines
leading to the codification of the first amino acids in the genetic code are discussed. This is achieved
by means of a model of protoribosome evolution which sees protoribosome as the central organiser
of ancestral biosynthesis and the mediator of the encounter between compounds (metabolite-pre-
tRNAs) and catalysts (peptidyl-pre-tRNAs). The encounter between peptidyl-pre-tRNA catalysts in
protoribosome is favoured by metabolic pre-mRNAs and later resulted (given the high temperature at
which this evolution is supposed to have taken place) in the evolution of mRNAs with codons of the
type GNS. These mRNAs codified only for those amino acids that the coevolution theory of genetic
code origin sees as the precursors of all other amino acids. Some aspects of the model here discussed
might be rendered real by the transfer-messenger RNA molecule (tmRNA) which is here considered
a molecular fossil of ancestral protein synthesis.
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1. Introduction: The Logic Underlying the Hypothesis

Many papers have been written on the origin of the genetic code (for reviews see:
Szathmáry, 1993, 1999; Di Giulio, 1997a; Knight et al., 1999) but it has perhaps
never been explicitly claimed that a potentially important definition of the genetic
code is that this origin must simply represent the evolution of coded catalysis. If
we neglect the genetic complexity of actual organisms and consider the main role
played today by proteins, i.e. catalysis, we come to the simple equation: genetic
code equals coded enzymatic catalysis. This must have been even more likely for
the early phases of genetic code evolution. That the origin of the genetic code must
correspond to that of the evolution of enzymatic catalysis becomes particularly
clear when we consider the other roles now played by proteins, i.e. the structural
and regulatory roles. It is certainly true that the origin of the genetic code cannot be
related to the role played by proteins during regulation, in the most general sense,
because protein-mediated regulation in ancestral entities cannot have played a fun-
damental role. Furthermore, we can see that the origin of the genetic code can only
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possibly have been related to the structural role played by proteins if we consider
that this might have been truly important only if ancestral proteins were called upon
to perform fundamental functions, for example that of the main constituents of cell
membranes. However, the important structural or regulatory functions possibly or
actually performed by proteins do not seem so general, numerous and, above all,
more important than the role that proteins play in catalysis. Hence, although the
intervention of proteins might have been precocious and important, such as in the
structures of primordial entities, this was most probably only a secondary effect
and not the driving force behind genetic code evolution.

It therefore seems automatically obvious that the intervention of proteins in
primordial catalysis must have been the driving force behind genetic code origin.
In the present paper I attempt to analyse the early phases of genetic code origin in
the light of the hypothesis that the origin was mainly determined by the evolution
of catalysts which eventually resulted in coded catalysis.

2. The ‘Cellular’ Entity in which Genetic Code Origin began

I assume that the origin of the genetic code began in ‘cellular’ entities in which
only a crude metabolism had evolved. This assumption therefore falls into the
class of theories hypothesising that metabolism originated prior to replication (De
Duve, 1991; Dyson, 1985). Here it is not relevant whether the origin of life was
heterotrophic or autotrophic in nature but the only important thing is that there
were entities capable of achieving a crude metabolism, such as the autotrophic one
described by Wachtershauser (1988, 1992). Moreover, I assume that these entities
lived at a high temperature.

In these entities there was absolutely no genetic apparatus, even of a type much
simpler than those we now know, and reproduction was ensured by a crude sharing
of the entity constituents among the sister entities (see for example: Dyson, 1985;
Segré and Lancet, 1999). At this stage of evolution, catalysis was performed by
ions and by small organic molecules (for references see Di Giulio, 1997b) but as
far as we are concerned here, this must have also been performed by amino acids as
such, di-amino acids and tri-amino acids and therefore also by brief peptides (De
Duve, 1991; Bar-Nun et al., 1994; Di Giulio, 1997b). The other crucial assumption
in the model investigated here is that amino acids were assisted in catalysis by
a nucleotide component (White, 1976, 1982; Wong, 19991; Szathmáry, 1993; Di
Giulio, 1997b; Wong and Xue, 2002). This is the simplest stage in which, perhaps
for the first time, amino acids encountered nucleotides (Di Giulio, 1997b). This is
the starting point for my commentary.
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3. The Evolution of Coded Catalysis: Towards Protein Synthesis

We are thus in an evolutionary stage in which catalysis was performed by amino
acids, small peptides, nucleotides, amino acids conjugated with nucleotides (coen-
zymes) or brief nucleotide chains, in addition to ions and small organic compounds
(for references see Di Giulio, 1997b). I assume that at this stage ‘protein synthesis’
had a lot in common with the synthesis of peptide antibiotics (Lipmann, 1965,
1971; De Duve, 1987, 1991; Danchin, 1989; Kleinkauf and Dohren, 1990; Di
Giulio, 1996b). Therefore, the first peptide synthesis might have taken place on
molecules of phospho-pantetheine (Lipmann, 1965) or on pantetheine attached to a
phosphoserine (Miller and Schlesinger, 1993) in a thioester world (De Duve, 1988,
1991) and/or on a variant of the CoA (Reanney, 1977) in an RNA world (Gilbert,
1986; Joyce, 1989). Peptide synthesis thus progressed on tRNA-like molecules
evolving from CoA-like molecules (Reannet, 1977) towards the actual protein
synthesis (Orgel, 1989; Wong, 1991; Schimmel and Henderson, 1994; Di Giulio,
1994b, 1997b). Moreover, I assume, as Wong (1991) has, that any model for the
origin of protein synthesis, and thus of the genetic code, must explain the evolution
of the key intermediary of this origin, namely peptidyl-tRNA. As already suggested
(Wong, 1991), the evolution of this complex must have been the fundamental step
that resulted in the origin of protein synthesis in that, as the peptidyl-tRNA no
longer performs a function per se. It evidently must have in itself performed a
fundamental role in catalysis at evolutionary times that were crucial for genetic
code development (Wong, 1991). In other words, it seems implicitly clear that
peptidyl-tRNA-like structures performed all the catalysis needed for survival at
certain times because the equivalent complex now has no function per se and so
it must almost certainly have had such a function in the distant past because we
would otherwise be unable to recognise any selective pressure aiming to get the
peptidyl-tRNA to evolve (Wong, 1991).

This argument thus helps to establish that there must have been an evolutionary
stage in which all catalysis, or most of it, was performed by peptidyl-tRNA-like
molecules. This constitutes a first benchmark in our investigation. It also implies a
first evolutionary transition of ancestral catalysts in that many of those present at
the beginning of the origin of life were already replaced or supported by peptidyl-
tRNA-like molecules in catalysis at this new evolutionary stage.

Another assumption that I consider more than reasonable and extremely likely
is that in some stages of protein synthesis, the interaction between two differ-
ent peptidyl-tRNA-like molecules must have been favoured by an RNA template
(Orgel, 1968, 1989; Lahav, 1991; Di Giulio, 1994a). In other words, this interac-
tion between two or more peptidyl-tRNA-like molecules must have been the direct
template although not the direct specific sequence (Lahav, 1991; Di Giulio, 1994a).

More specifically, the interaction between two or more peptidyl-tRNA-like mo-
lecules was mediated by an RNA template which, at this stage, had the sole task
of favouring this interaction by simply bringing together the two or more peptidyl-
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tRNA-like molecules and linking them by means of hydrogen bonds between the
bases. This link was only partially specific in that the whole population of peptidyl-
tRNA-like molecules could interact with just a handful of RNA templates and the
resulting synthesis produced catalysts that could be used by ancestral entities only
at a low or very low yield.

We must therefore discuss the nature of the ribosome and how the genetic code
originated from this evolutionary stage.

4. Ancestral Ribosome

Protoribosome might, in principle, have performed either one specific function or
a number of different functions (Campbell, 1991; Gibson and Lamond, 1990). In
accordance with the hypothesis being analysed here, I tend to believe that protori-
bosome became an aggregate of catalysts, perhaps multimers (De Duve, 1991), at
a certain stage of these ancestral entities’ evolution and later became an aggregate
of ribo-nucleopeptides of the type peptidyl-RNA. The function of this aggregate of
catalysts was to enable an almost generalised catalysis on a single particle, or more
probably on different types of particles.

A selective pressure that favoured the evolution of this type of particle must have
kept numerous catalysts physically united in a single aggregate and thus limited
their dispersion due to the high temperature at which the process is assumed to have
taken place, both generally and in particular during ‘cellular’ division. Moreover,
the physically united catalysts were able to more prolifically catalyse the synthesis
of correlated molecules crucial for survival. Furthermore, if as suggested by vari-
ous theories (Wachtershauser, 1988; Russell et al., 1998), the ancestral entities
evolved at a high temperature, then a strong selective pressure aiming to stabilise
peptidyl-tRNA-like molecules or, more generally, RNAs (considering their labil-
ity at high temperatures) led to the aggregation of these molecules in complexes.
Protoribosome might thus have evolved to stabilise peptide-RNA complexes (or
RNAs) since this particle would certainly have limited the damage deriving, for
instance, from the hydrolysis of certain bonds. This is because in these particles the
activity of these RNA molecules should not be lost since the molecular structure
should remain mostly spatially intact and in this they are favoured by the forces of
aggregation of the particles.

This view of ancestral ribosome’s origin explains why ribosome (i) is itself an
aggregate of two subunits which might have worked separately in the distant past;
(ii) is formed of about sixty mostly small proteins and not of a mere few proteins,
and this cannot be easily explained only by the structural role and may bear witness
to a multiplicity of past functions; (iii) is formed of a few types of rRNAs, thus
further attesting that the large and the small ribosomal subunits might have worked
separately and implying an ancient functional heterogeneity of the two ribosomal
subunits. This is once again difficult to explain given the single role now played by
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rRNAs but it is understandable if the latter were pre-mRNAs in the particles (see
below). These interpretations suggest looking for catalytic activities regarding the
ancestral entities in the small ribosomal proteins.

Finally, it should be noted that at this evolutionary stage we are not yet in the
presence of a genetic code but only of its embryonic form: peptidyl-tRNA-like
molecules which were made to interact by means of one or a few RNAs in the
protoribsome.

5. Genetic Code Evolution

What must have evolved in protoribosome was the ability to ‘read’ RNA. Ini-
tially, as the metabolites were charged on pre-tRNA (Gibson and Lamond, 1990;
Di Giulio, 1994a, 1997a, b) these were placed in a correct apposition by means
of interactions with protoribosome’s internal RNA (Gibson and Lamond, 1990;
Di Giulio, 1994a, 1997a, b). Subsequently protoribosome must have acquired the
ability to read external RNA. On these RNAs there must have been written the suc-
cession with which the various metabolite-pre-tRNA complexes and the catalysts
(peptidyl-pre-tRNAs) were to interact (Tyagi, 1981; Crothers, 1982; Cedergren
and Grosjean, 1987; Edwards, 1989, 1996; Gibson and Lamond, 1990; Lamond
and Gibson, 1990; Di Giulio, 1997b). These RNAs (pre-mRNAs) on which the
successions of steps on the biosynthetic pathways leading to the synthesis of the
various compounds were written, are postulated as being the oldest form of mRNA
(Gibson and Lamond, 1990). Here we catch a glimpse of the equivalence between
genetic code organisation and the biosynthetic pathways of amino acids (Wong,
1975). In other words, at this evolutionary stage there was a code for metabolism
whose evolution resulted in the genetic code (Gibson and Lamond, 1990; Lamond
and Gibson, 1990; Di Giulio, 1997b).

For the origin of the genetic code, we must show how these pre-mRNAs led to
mRNA proper.

Therefore, at this evolutionary stage we have a protoribosome that can read pre-
mRNAs on which is written the succession of interactions between pre-tRNAs,
bearing not only amino acids but also other metabolites and peptidyl-pre-tRNAs
(Gibson and Lamond, 1990; Di Giulio, 1997a, b) to which the model attributes a
primary role in catalysis (Wong, 1991; Di Giulio, 1997b). Moreover, here peptidyl-
pre-tRNA is seen as a simple and natural evolution of aminoacyl-pre-tRNA (Di
Giulio, 1997b).

But how exactly did these pre-mRNAs give rise to mRNA and hence the ge-
netic code? The main selective pressure must have been the one which improved
catalysts, namely peptidyl-pre-tRNA molecules, taking them to complete codific-
ation. To obtain this improvement, synthesis of peptidyl-pre-tRNA molecules had
to change from template-guided to direct sequence synthesis (Orgel, 1989; Lahav,
1991; Di Giulio, 1994a). At this stage the reproducibility of peptidyl-pre-tRNA
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molecules is therefore clearly inefficient. In order to increase this efficiency, some
changes must have been made. (i) The protein part of peptidyl-pre-tRNA molecules
must have gradually assumed the primary role in catalysis. The structural themes
of proteins that were most probably being selected were the β-turns (Jurka and
Smith, 1987a, b) and the β-sheets (Orgel, 1975, 1977; Brack and Orgel, 1975; Di
Giulio, 1996a, 1997b). (ii) The interaction between peptidyl-pre-tRNA molecules
taking place on the pre-mRNAs must have become physically contiguous in that
the two or more peptidyl-pre-tRNAs that could have paired up with distant regions
of the template RNA now require these regions to be contiguous. This evidently
improved the reading efficiency of pre-mRNAs. The recombination, in the most
general sense of the word, of pre-mRNA molecules or parts of them might have
played a fundamental role in this stage. That is to say, a new population of pre-
mRNAs was created and then it at least partially replaced the old messages. Clearly,
these changes must have provided a strong positive feedback on the whole system.

We have thus reached an evolutionary stage at which the interaction of the
peptidyl-pre-tRNA molecules is favoured by contiguous ‘codons’. Here ‘codons’
does not imply that only a triplet of bases favoured recognition between peptidyl-
pre-tRNA and the template, but this might have entailed pairings longer than more
than three bases.

For the transition towards the genetic code, a subpopulation of pre-mRNAs
must have evolved. Then, by means of sequences of codons starting with G and a
three-base reading module, the system must have begun to decode these messages
with the amino acids: Asp, Glu, Ser, Ala and Gly. But how did this take place?
This is the crucial step in genetic code origin. We must thus explain how a sys-
tem that decoded pre-mRNAs codifying both successions of interactions between
metabolite-pre-tRNAs, aminoacyl-pre-tRNAs and peptidyl-pre-tRNAs and inter-
actions between peptidyl-pre-tRNAs progressed to a system that finally preferred
to decode sequences with codons beginning with G.

The evolution of RNAs rich in codons beginning with G, or more generally,
sequences rich in G and C might be the consequence of the high temperature at
which the process is assumed to have taken place. Sequences of RNA rich in G
and C should be more resistant than sequences rich in A and U at high temper-
atures because they should, by means of their more rigid secondary and tertiary
structures, keep the molecules’ active parts intact even if some of the bonds in the
molecules are broken. This might explain how G and C rich messages evolved and
why codons having G as their first base evolved and codified for amino acids that
were the first to be inserted into the genetic code (Wong, 1975; Trifonov, 2000;
Ikehara et al., 2002).

I find it extremely hard to see how a pre-mRNA codifying for a succession of
biosynthetic steps became an mRNA codifying for an albeit short protein. Nev-
ertheless, I feel that explaining this in a different way from the one I use below
might be extremely important in order to understand the profound implications
of the coevolution theory of genetic code origin (Wong, 1975). One possibility is
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that pre-mRNAs which, as has been said, also specified the successions of interac-
tions between peptidyl-pre-tRNA molecules represented the only true precursors of
the new mRNAs that hence evolved from these. Whereas, pre-mRNAs codifying
for the successions of the steps of biosynthetic pathways (by means of interac-
tions between metabolite-pre-tRNAs) simply became extinct. In other words, real
mRNAs evolved only from pre-mRNAs which specified the successions of inter-
actions between molecules of peptidyl-pre-tRNA. Clearly the fine tuning of the
reading module of pre-mRNAs which contained high percentages of G and C,
under the selective pressure of the improvement of catalysis achieved by peptidyl-
pre-tRNA molecules, must have resulted in sequences containing codons of the
type GNS (N = any base, and S = G or C) (Ikehara et al., 2002). This type of codon
in the actual genetic code specifies the amino acids Ala, Val, Asp, Glu and Gly.
These amino acids include most of what are held to be the oldest to be codified
(Wong, 1975; Di Giulio, 1997a; Trifonov, 2000; Ikehara et al., 2002). In any case,
since this list of amino acids does not include Ser, I am led to believe that either
mRNAs with GNS codons still codified ambiguously at this stage, for instance the
GNC or GNG codons codified for Ser and Gly (biosynthetically interconvertible),
or it is only when these mRNAs begin to use all the other codons that Ser entered
the genetic code. The latter stage thus defined the synonymous codon domains of
all the precursor amino acids as envisaged by the coevolution theory of the origin of
the genetic code (Wong, 1975; Di Giulio and Medugno, 1999). And from this point
on, it seems to me that the further evolution of the genetic code is well described
by this theory (Wong, 1975).

6. Experimental Evidence: tmRNA, a Probable Molecular Fossil of Ancient
Protein Synthesis

Transfer-messenger RNA (tmRNA) is a molecule that can act both as a transfer
RNA and as a messenger RNA (Muto et al., 1998). As tmRNAs have a tRNA-
like structure at the 3′ end with the alanine identity determinants, they are charged
with this amino acid. Charged in this way, they can interact with ribosome when the
reading of a truncated mRNA is unable to continue the synthesis of the polypeptide
chain. In this case, tmRNA is able to migrate to ribosome. We thus have transfer
of the polypeptide chain to alanine on tmRNA. Protein synthesis then continues
by reading a sequence inside the tmRNA. A tag sequence is thus attached to the
protein’s C-terminal end which will route the protein to the degradation pathway
(Muto et al., 1998).

tmRNA is present in the whole Bacteria domain (Gillet and Felden, 2001). This
shows that it is a very ancient molecule. However, its presence in the last universal
common ancestor is not certain since the Eukarya and Archaea domains do not
seem to possess the tmRNA molecule (Gillet and Felden, 2001). Nevertheless,
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Figure 1. Examples of the similarity between some sequences of genes of the tmRNA molecules and
those of the tRNAs.

I believe that tmRNA is a fossil of ancient protein synthesis for the following
reasons.

If tmRNA was an acquired and not an ancestral trait, then its phylogenetic
distribution should not have affected an entire domain but should have been more
fragmentary. This is because the onset of the three main phyletic lines still seems
to be subject to what appears to be a rapid Darwinian evolution (Doolittle and
Brown, 1994; Woese, 1998, 2000; Di Giulio, 2001) (for instance, supported by
the diversity of the beginning of protein synthesis in the three domains (Kyrpides
and Woese, 1998a, b; Di Giulio, 2001)) that would not have been able to give rise
to an adaptation like that mediated by tmRNA. The action performed by tmRNA
seems to be that of a sophisticated adaptation which is the characteristic feature
of organisms that are genetically fully mature and should not therefore be found
in the Bacteria domain’s ancestor which should still have many rapidly evolving
features (Woese, 1998, 2000; Di Giulio, 2001). More directly, the action performed
by tmRNA cannot evolve in organisms in which it is protein synthesis itself which
is still not fully defined (Di Giulio, 2001) because its action would interfere with
the completion of evolution of protein synthesis. Therefore, I conclude that tmRNA
was probably a molecule belonging to the last universal common ancestor and
hence probably involved in the origin of protein synthesis.

But how is the tmRNA molecule’s action mechanism related to the model dis-
cussed in this paper?

The homology of tmRNA with the tRNA molecule is clear. For instance, the
tmRNA identity determinant which allows alanine to be charged on this molecule is
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the same as that of tRNA for alanine (Muto et al., 1998). Moreover, the similarities
between the tRNA-like region of tmRNA and the equivalent region of tRNAs are
clear (Figure 1) and they are thus homology indices. This indicates a strict evol-
utionary relationship between tmRNA and tRNA molecules and the characteristic
hairpin structure of the 3′ end of the tmRNA molecule might have been the ancestor
of the tRNA molecule (Hopfield, 1978; Di Giulio, 1992, 1995).

Therefore, if tmRNA is a molecular fossil of ancient protein synthesis, as I
firmly believe, then tmRNA must represent certain phases of its evolution. The hy-
pothetical molecules of aminoacyl-pre-tRNA (or even those of peptidyl-pre-tRNA)
which, according to the above discussions interacted with the protoribosome’s in-
ternal RNA, might be made real by the tmRNA molecule as this also seems to
interact with the 16S rRNA (Muto et al., 1998) thus supporting the claims made
in the present paper. In other words, the tmRNA molecule might represent the
molecular fossil of the hypothetical aminoacyl-pre-tRNA and peptidyl-pre-tRNA
molecules which have been extensively discussed here.
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