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Abstract. Much effort has been devoted recently to
expanding the amino acid repertoire in protein biosyn-
thesis in vivo. From such experimental work it has
emerged that some of the non-canonical amino acids
are accepted by the cellular translational machinery
while others are not, i.e. we have learned that some
determinants must exist and that they can even be
anticipated. Here, we propose a conceptual framework
by which it should be possible to assess deeper levels of
the structure of the genetic code, and based on this
experiment to understand its evolution and establish-
ment. First, we propose a standardised repertoire of 20
amino acids as a basic set of conserved building blocks

in protein biosynthesis in living cells to be the main
criteria for genetic code structure and evolutionary con-
siderations. Second, based on such argumentation, we
postulate the structure and evolution of the genetic code
in the form of three general statements: (i) the nature of
the genetic code is deterministic; (ii) the genetic code is
conserved and universal; (iii) the genetic code is the
oldest known level of complexity in the evolution of
living organisms that is accessible to our direct observa-
tion and experimental manipulations. Such statements
are discussed as our working hypotheses that are exper-
imentally tested by recent findings in the field of ex-
panded amino acid repertoire in vivo.
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An expanded amino acid repertoire and the genetic code

New terminology

In our first attempts to interpret new experimental
findings in the context of the structure and evolution of
the genetic code, we found inconsistent terminology for
amino acids to be a major stumbling block. In other
words, we have been convinced that understanding the
genetic code at a deeper level cannot be attained with
the current taxonomy of amino acids. Thus, we pro-
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posed a new nomenclature which should not be difficult
to integrate into the already existing biochemical termi-
nology [1]. In brief, the well-known standard set of 20
amino acids represents canonical amino acids; other
amino acids outside this standard set which can be
introduced in a codon-dependent manner are non-
canonical amino acids. Those amino acids whose intro-
duction is not only codon dependent, but also
dependent on context (e.g. selenocysteine or formyl-me-
thionine) are special canonical amino acids. There are
also experimental procedures, such as in vitro suppres-
sion, that led to context-dependent introduction of
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some amino acids with special properties (e.g. cages,
sensors) that are named special non-canonical amino
acids. Finally, numerous amino acids resulting from
secondary metabolism, precursors or post-translational
modifications are special biogenic amino acids. This dis-
tinction is not a semantic issue, but a biological one.
In fact, only such terminological clarification con-
vinced us to propose the concepts about the genetic
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rion for dissecting its nature, evolution and establish-
ment.

Steps in the flow of genetic information

The flow of genetic information is a complex process.
It starts with self-replicating DNA that contains in-
structions that are converted into biological activity

code where the amino acid repertoire is a central crite- through transcription followed by translation, as
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Figure 1. An emerging new structure of the universal code. The universal genetic code is structured in such a way that the genetic
message written in the DNA sequence is always precisely transmitted into biological activity. There are intrinsic determinants and
constraints that always lead to proper and optimal stability and folding of functional proteins [1]. The message is decoded via
mRNA-tRNA codon-anticodon specific pairing; the meaning of each triplet is interpreted by specific recognition and pairing of the
appropriate tRNA and amino acids by aminoacyl-tRNA synthetase enzymatic activity. This is the interpretation step in the flow of
genetic information. In general, the code is organised so that the codon meanings in all species are not universal, but the amino acid
repertoire is universal. This means that living organisms can exceptionally survive codon reassignments in the genetic code, but not new
additions into its amino acid repertoire. The deterministic nature of the genetic code defined in such a way stems from: (i) specific rules
for protein self-assembly in the cellular milieu, (ii) interrelated cellular metabolic and bioenergetic networks in which each of the 20
standard amino acids is caught. In experimental conditions, using recombinant DNA technology combined with artificially achieved
strong selective pressure and avoidance of metabolic toxic effects, redefinitions of the codon meanings are possible without changing
aminoacyl-tRNA synthetases or tRNAs [48]. For example, in vivo, the AUG codon is interpreted as the canonical amino acid
methionine (this is the ‘restricted’ or ‘first’ coding level) while under experimental conditions, AUG allows for introduction into stable
and functional proteins of the following non-canonical amino acids: selenomethionine (SeMet), telluromethionine (TeMet), norleucine
(Nle) and ethionine (Eth). This represents the ‘relaxed’ or ‘second’ coding level of the universal code. Similarly, two cysteine codons,
UGU and UGC, can be interpreted at the second level as the non-canonical amino acid selenocysteine (SeCys). Note that codon
redefinitions will always be to similar amino acids; for example, AUG (methionine) could be reassigned to isoleucine or norleucine but
never to arginine, as this reassignment would be fatal for efficient folding and consequently for biological activity.
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shown in figure 1. Note that a novel feature is added to
this scheme: an interpretation step. In fact, such a claim
should not be surprising at least for researchers in the
field of aminoacyl-tRNA synthetases since this idea has
already been circulating in this scientific community [2].
Thus, it is included in our scheme as a legitimate step in
the process of genetic information transfer, not only for
academic interest but also because it represents a new
level accessible to our experimental efforts and subse-
quently practical applications. Namely, at this level, it is
possible to intervene experimentally and under specific
conditions to change coding meanings of the codon
triplets. In this scheme, the ‘first’ or ‘restricted’ part of
the universal code works only for canonical amino
acids. The ‘second’ or ‘relaxed’ coding level includes
various non-canonical amino acids that can be transla-
tionally integrated in vivo under defined experimental
conditions. With this level of conceptual resolution in
mind, we can conceive an emerging new structure of the
genetic code as will be discussed below.

General considerations

The reader will probably note that in this review the
experimental work performed in our laboratory and
those of other groups working in the same field is often
cited. That does not mean, however, that we are not
aware of many other equally valuable and important
contributions in the field of genetic code evolution. But,
it is not our intention to provide a comprehensive
review in each of these subjects, since excellent, exten-
sive and recent treatments of each topic in this field are
already available [3—6]. Nevertheless, we must express
some reservations. It is highly probable that in this field
of many authors some of our ideas and concepts will
not be surprising. For example, our statements come
very close to the very early proposal made by Crick
(‘frozen accident’ theory) [7]. Our concepts fit quite well
in the frame of this theory because we fully agree with
the following statements of Crick’s theory: (i) the code
is universal; (ii) the code does not change; (iii) all life
evolved from a single organism. But we disagree with
the final statement that (iv) allocation of codons at this
point was entirely a matter of chance. According to our
criteria (as will be discussed later), the process of codon
allocations to particular amino acids cannot be entirely
random. It should be noted, additionally, that Crick
was concerned about codon reassignments and not
about the amino acid repertoire itself. To our knowl-
edge, there are no studies which consider the repertoire
of amino acids for protein synthesis in living cells as the
main criterion for considerations of the structure and
evolution of the genetic code. Moreover, our approach
to this matter is in full agreement with Popper’s princi-
ple of explanatory power [8]. It requires an explanation
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of the large number of facts (in this case relevant to the
genetic code) with the smallest possible number of evo-
lutionary assumptions, as was elaborated by Waichter-
héuser [9].

Statement 1: the nature of the genetic code is
deterministic

First major determinant: protein self-assembly

Over the previous four billion years, proteins have
evolved to fold in specific and compact three-dimen-
sional conformations. Such structures generate ‘active
sites’ through precise arrangements of functional groups
that are able to carry out sophisticated chemical reac-
tions [10]. The principle of protein self-assembly (fold-
ing) pioneered by Anfinsen states that the steric
information for newly synthesised protein chains to fold
correctly within cells resides solely in their primary
structure or sequence [11]. It was argued that a general
and deterministic set of rules (that remains to be under-
stood) for protein self-assembly must exist because it is
unlikely that each protein folds into correct conforma-
tion by its own specific rules [12]. On this basis, we
postulate that the protein self-assembly rules are one of
the basic principles behind establishment of the genetic
code.

In previous work, we found that all steps of the transla-
tional process in living cells “are mutually interdepen-
dent and intrinsically coupled with the proper folding of
the resulting protein” [1]. Therefore, experimental at-
tempts to introduce non-canonical amino acids will
always face stringent substrate specificity of the en-
zymes (i.e. aminoacyl-tRNA synthetases) in the inter-
pretation step of the code. Those non-canonical amino
acids that are in the range of this substrate specificity
are further submitted to editing mechanisms. Even then,
if they pass this ‘checkpoint’, ribosome editing is the
next stumbling block for successful translational inte-
gration in vivo and even in vitro, despite its rather
broad substrate specificity [13, 14]. Attempts to relax
the substrate specificity of aminoacyl-tRNA synthetases
have been described [15], and it has been even possible
to translate phenylalanine codons as chloro-phenylala-
nine and bromo-phenylalanine into protein sequences.
However, it was not possible to fold this protein into an
active structure. In the context of the evolution of life
on earth, chlorine and bromine were readily available in
early prebiotic conditions [16], as were, probably, chlo-
rinated and brominated aromatic amino acids. But they
have never been used for protein building, due to the
difficulty in accommodating such bulky atoms into the
tightly packed protein core. In this case, the bulkiness
of the amino acids represent the major limiting factor
while other possible limits are discussed elsewhere [1]. In
any case, the physical-chemical determinants (e.g. bulki-
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ness, polarity, stereochemistry) in protein building and
folding processes are very strong.

The lessons here are obvious: they enable us to learn
which new amino acids are allowed as ‘proteinogenic’
amino acids in the translational process. There is no
reason to believe that natural selection escaped these
rules for building proteins with sufficient and balanced
stability and functionality in living beings in the course
of evolution.

Second major determinant: metabolism

It is not difficult to imagine that many other non-
canonical amino acids outside the canonical 20 would
actually enable protein building and folding according
to the rules discussed above. For example, it was
demonstrated in the 1960s [17] that experimental re-
placement of canonical methionine residues into staphy-
lococcal nuclease with the non-canonical amino acid
norleucine occurs without significant effects on struc-
ture and activity. In the last few decades, other groups
have repeated this experiment with other proteins [18,
19]. Norleucine is abundant in carbonaceous Murchison
meteorites and apparently represents a product of abi-
otic synthesis in greater amounts than most canonical
amino acids [20]. Why then is it not present in the code?
Norleucine itself is highly toxic for all cells since it
inhibits cell growth [18] and its incorporation into cellu-
lar proteins would be lethal for living cells and it is
therefore excluded from the genetic code.

This conclusion is fully supported by recent experiments
in the field of the expanded amino acid repertoire in
vivo. Based on these experiments, two levels in the
structure of the genetic code have been proposed. The
first or ‘restricted’ part of the universal code encodes
only those amino acids that are optimally integrated
into the metabolic chemistry of the living cells allowing
their reproduction, growth and differentiation. In vivo
integration into proteins of non-canonical amino acids
like norleucine is possible only after efficient elimination
of their toxic effects on cellular metabolism. This is the
‘second’ or ‘relaxed’ part of the genetic code. At this
level it is possible to establish why many other non-
canonical but ‘proteinogenic’ amino acids are prevented
from entering the code. Namely, canonical amino acids
are involved in the finely tuned metabolic and bioen-
ergetic network of living cells, while non-canonical ones
are not. Such reasoning is reconcilable with the co-evo-
lution hypothesis [21] which proposes that the genetic
code co-evolved with the prebiotic biosynthetic path-
ways for production of amino acids. This theory postu-
lates the existence of only a few prebiotically abundant
amino acids which were used in the evolutionary time
course in inventive biosynthetic processes for produc-
tion of other amino acids that are currently present in
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all living organisms. According to this theory, alloca-
tions of amino acids in the genetic code stem primarily
from the biosynthetic relationships between them.

Evolution and establishment of the code could have
been bi-phasic

Taking into account the arguments discussed above, we
postulate that the evolutionary process of code expan-
sion was determined by rules and principles that govern
proper protein folding, and metabolic and bioenergetic
requirements of primitive cells. The evolution of the
code to its established form was probably bi-phasic: at
the beginning, the physico-chemical determinants
played a dominant role while towards the end, bioen-
ergetic and metabolic constraints became increasingly
stringent (fig. 2). In this way, a deeper understanding of
the origin of the genetic code would derive from inte-
grating various relevant aspects and facts responsible
for its establishment, as recently discussed by DiGiulio
[22]. In this context, the meaning of the statement
‘deterministic nature of the genetic code’ could be ex-
plained as follows. Under the specific conditions and
according to principles of protein self-assembly, in the
framework of defined patterns of metabolism, it might
be possible to create a universal genetic code experimen-
tally. We are not alone in such reasoning: in their study
of factors responsible for the occurrence of the 20 coded
protein amino acids, Weber and Miller [23] reached
similar conclusions.

The arrangement of the code before conservation:
chance or necessity?

It is difficult to explain the preservation of characteristic
folds and stable conformations in proteins (despite their
great sequence variation) over the course of evolution
by accidental association between amino acids and
codons. Indeed prior to the advent of an adapter sys-
tem, the initial codon allocation may have occurred in
an accidental manner in a primitive system where a few
(two or three) amino acids and nucleotides interacted
(directly or indirectly) with each other. However, for
further protein building, the selection pressure for ratio-
nal use of available biosynthetic and metabolic re-
sources simply cannot be ignored.

It has been demonstrated experimentally that the rela-
tive distribution of amino acids between the surfaces
and the interiors of native globular proteins is associ-
ated with a sharp bias in the genetic code [24]. Accord-
ingly, a mutation introducing hydrophilic amino acids
at interior hydrophobic locations, which is especially
damaging, is not likely since the codons of hydrophobic
amino acids are grouped together (the XUX group).
Such arrangements may have been crucial during evolu-
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Figure 2. The evolutionary process of developing and establishing a universal code. Physico-chemical determinants and metabolic
constraints during code expansion resulted in its optimisation and conservation (‘omega’ point) in the context of the prebiotic and RNA
world. Living cells which adopted the universal code entered a new Darwino-Mendelian world (‘alpha’ point) with highly organised and
relatively more stable genomes and proteomes. This complexity was further increased first by using local changes of the codon meaning
in prokaryotes, and later by the evolution of post-translational modifications in eukaryotes, giving rise to a vast outburst in life diversity

on earth.

tion in maintaining the structural stability of globular
proteins. Furthermore, the existence of synonymous
quotas (a number of synonymous codons allocated to
particular amino acids) for different amino acids [25]
may also have ensured the forced distinction of hydro-
phobic versus hydrophilic residues. Indeed, the general
principle of globular protein organisation (polar-out,
apolar-in) indicates that first additions to the code were
either strictly apolar or strictly polar. This rigid mecha-
nism for maintaining the protein structure was very
important for the primitive proto-cells, due to the ab-
sence of efficient proof-reading and editing mechanisms.
These particular amino acids (e.g. Arg, Ser, Leu) have
highly synonymous quotas (increased redundancy) in
order to achieve a low mutation frequency. In their
recent study, Xia and Li [26] found that primitive
amino acids differ in polarity and hydropathy and little
in other properties.

Therefore, primitive cells with a relatively simple organ-
isation started code expansion first through additions
that were probably strictly apolar (in the core or more
probably as the integral transmembrane part) and
strictly polar (at the surface). Later additions were
probably more ‘promiscuous’, for which methionine is
an example: methionine is distributed mainly in the

protein core but about 15% is also found at the surfaces
and in minicores [27]. Such amino acids are character-
ised by smaller synonymous quotas and, correspond-
ingly, there is a greater probability that these may be
substituted without significant disturbance of the
protein structure. In fact, it has been argued that the
code has evolved toward minimising differences in po-
larity and hydropathy of its amino acids [26], confirm-
ing the pioneering concept of Sonneborn [28] that it is
intrinsically structured to enable minimisation of delete-
rious mutation effects.

Moreover, under the conditions of such a primitive
living world, even our term ‘species’ would be inade-
quate, as there simply would not be interbreeding popu-
lations which could be genetically isolated from other
populations. Genetic barriers were probably not so
strict due to the smaller genomes and proteomes, and in
this context further codon captures were possible via a
combination of codon usage, gene exchange and recom-
bination, and random mutagenesis of both tRNA and
aminoacyl-tRNA synthetases. Each codon capture was
probably random; but once favourable, it was cemented
in the code by the selective pressure that acted in a
feedback-like manner.
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‘Error catastrophe’ and the ‘central dogma’ of
molecular biology

According to the proposal of Woese et al. [29], primitive
cells started with a completely random, highly ambigu-
ous set of codon assignments with very inaccurate
translation. Such early systems would produce bad
copies of proteins (faulty proteins) with a higher aver-
age translational error and this in turn would produce
even worse proteins, so that the advantage gained by
the mutational chance event for the system could be
quickly lost in an ‘error catastrophe’. How could stable
translation be achieved in this primitive, inaccurate
translational machinery? We find such reasoning un-
likely for several reasons. First, such a catastrophic
situation should never prevail, because selection acts in
a feedback-like manner eliminating bad copies from the
population. Second, the postulated ribozyme-mediated
translation [7] was probably improved constantly
through recombination and gene transfer among popu-
lations. Finally, the smaller genome and proteome con-
tained simple but efficient proto-enzymes in the
primitive cells, which would allow for further codon
captures without deleterious effects for the cell. It has
always to be kept in mind that from the very beginning,
the chemistry of life was well organised [30].

The ‘central dogma’ of molecular biology prescribes
unidirectional flow of genetic information from self-
replicating  DNA through intermediate mRNA to
protein [31]. Indeed, such unidirectional flow without
control would certainly lead to ‘error catastrophe’ even
in the conditions before code establishment. It has often
been argued that this ‘central dogma’ neglects possible
cellular feedback mechanisms [32], and thus leads to a
simplified scheme of mechanisms that control gene ex-
pression and protein synthesis [33]. At the same time,
we have no experimental evidence that there are feed-
back mechanisms in translation. In modern cells, the
fidelity and precision of this process are ensured by the
numerous proof-reading and editing steps [1]. In the
context of the postulated primitive prebiotic [16, 30]
and RNA world [7, 34-36] (in which the code is be-
lieved to have been established), the mechanisms of
selective pressure which acted in a feedback-like manner
can sufficiently explain the appearance of stable transla-
tion, i.e. how ‘error catastrophe’ was avoided. Com-
bined, this constitutes a strong argument for replacing
the oversimplified and naive ‘central dogma’ concept
with a more realistic scheme, as shown in figure 1.

Statement 2: the genetic code is conserved and universal

Which factors caused conservation of the code?
From an evolutionary viewpoint, entry of a novel
amino acid into the code is reserved for those new
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residues whose translational integration results in a
protein with superior cellular function and biological
activity. The introduction of other amino acid building
blocks, i.e. those that do not bring any substantial
advantage or that are even damaging for cells, renders
them inferior and susceptible to elimination from the
population. In addition, each successful expansion step
is probably conserved in the code and additionally
‘cemented’ by efficient proof-reading and even editing
mechanisms accompanied with optimal integration in
the cellular metabolic chemistry. Such early selective
pressure also explains how the interpretation level of the
code was established. When hereditary molecules ac-
quired intrinsic properties to ensure proper physical,
chemical and genetic stability, and when a further
amino acid repertoire expansion was not possible with-
out lethality for living cells, its conservation was in-
evitable. The appearance of the code with such
properties was the turning point in evolution [37]. From
this point on, the genome and proteome complexity
allowed further functional diversification by other
means.

Three important questions

The discussion about universality and conservation of
the genetic code should address at least three important
questions. First, is codon specificity reserved only for
the 20 canonical amino acids [23]? Second, why are
amino acids such as selenocysteine not a “21st amino
acid’ [38] since such residues are sometimes introduced
into proteins as a result of the UGA codon. And finally,
why were several hundreds of ‘other’ amino acids (spe-
cial canonical, special biogenic, non-canonical) excluded
from the coding process.

Beyond the 20-amino-acid repertoire: local changes in
codon meaning

The process of code establishment included a physico-
chemical phase accompanied by a bioenergetic-
metabolic phase, making it increasingly difficult to
extend the code vocabulary in terms of new amino
acids. The process reached the number 20 and stopped.
Within this rigid structure, it became advantageous to
alter single individual proteins which would confer a
selective advantage to the whole cell, while keeping the
change specific, i.e. separate form other proteins. For
example, one could improve the catalytic properties
(e.g. nucleophilicty) of a protein by replacing the amino
acid cysteine in the active site with selenocysteine. In-
deed, selenocysteine is introduced as a response to the
UGA codon in a variety of organisms, by distinct
mechanisms that keep an internal UGA codon sepa-
rated from other UGA stop codons [38]. In this way,
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functional performance of the target protein is im-
proved without disturbing cellular viability by local
change in codon meaning. This process includes a spe-
cial context characterised by a series of enzymatic
changes, the presence of special elongation factors, and
loops in the mRNA where tRNA serves as substrate
carrier. This last feature indicates that this mechanism is
probably old and universal, i.e. it is present in the range
from Archaea to mammals [39]. Similarly, N-terminal
methionines are separated from other identical residues
in the structure by unique formylation. Other examples
of context-dependent deciphering of codons are excep-
tional phenomena of suppression [40, 41], where the
meaning of one codon as stop is changed such that it
encodes a canonical amino acid (nonsense suppression),
or a canonical amino acid is replaced by another (mis-
sense suppression).

Further diversification beyond the standard repertoire:
post-translational modifications

The processes of local changes in codon meaning are
not strictly separated from the coding process, and thus
are probably as old as the basic coding itself. New
evolutionary inventions that led to strict separation of
the newly produced biogenic amino acids from the
genome-coding process and RNA world are post-trans-
lational modifications. The appearance of these mecha-
nisms in eukaryotes is accompanied by vast protein
functional diversification. Enzyme-mediated production
of novel biogenic amino acids is made possible by
reactions like phosphorylation, glycosylation, acetyla-
tion or by oxidative modifications (i.e. hydroxylations)
of aspartate, proline, lysine and tyrosine. In this way,
hundreds of new biogenic amino acids, which are com-
pletely separated from the coding process, are produced
in the cytoplasmic functional proteins. All these opera-
tions are energetically expensive but eukaryotes can
afford them by dropping more and more basic synthetic
activities. While all prokaryotes have a simple synthetic
machinery that uses raw chemical building blocks and
thus are independent of any other life form, eukaryotes
are freed from the task of completing many basic bio-
logical syntheses. Thus, eukaryotes which retain the
basic cytoplasmic chemistry of prokaryotes can use
other life forms as a source of essential chemicals like
fats, essential amino acids, co-enzymes and minerals
[30].

Genetic code evolution or evolution based on a
conserved code?

Together, local changes in codon meaning and post-
translational modifications are good strategies to com-
pensate for coding repertoire expansion, leading to
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increasing complexity of the living systems, i.e. to evolu-
tion. Evolution has thereby produced increasingly ad-
vanced cellular forms with superior protective, sensitive
and cognitive mechanisms, allowing a greater survival
advantage, without the need for substantial changes in
the established code design. In this context, it is hard to
anticipate any significant changes in the structure of the
basic code with a standardised and conserved amino
acid repertoire. Even if we accept arguments of ‘recent
evidence for evolution of the genetic code’ [20] it would
be extremely difficult to imagine how all these codon
reassignments would spread across all life kingdoms
without globally destructive effects, taking into account
the interdependence of life forms on earth. Thus, argu-
ments that the code further evolves via recruiting mech-
anisms of local changes in codon meaning (e.g. SeCys
introduction) or post-translational modifications (e.g.
phosphoserine incorporation) [42] are rather anecdotal,
since the evolution of life based on a conserved code is
at work (fig. 2).

‘Copernican turn’ in reasoning about the ‘standard’
genetic code

During the last few decades, numerous changes in the
‘standard’ genetic code have been found in both
prokaryotes and eukaryotes [20]. Here the question
arises as to what is the ‘standard’ genetic code? One
where AUA reads as Ile or one where it reads as Met?
Those codon reassignments found in Escherichia coli or
in eukaryotic nuclear genes are normally assumed as
‘standard code’. On this basis, many species (even in the
same genus) have their ‘own code’. Very instructive
examples of codon reassignments are found and now
well documented for several pathogenic species in the
genus Candida where they are used for adaptation to
new ecological niches [43]. Does this mean that several
genetic codes exist in this species? Or better, does it
mean that in every eukaryotic cell there are at least two
genetic codes? Such reasoning is the consequence of the
dogma that a particular codon cannot have more than
one meaning. Conversely, the lesson from the multiple
meaning of e.g. the UGA codon (reads sometimes as
SeCys, in some organisms as Trp, and mainly as a
termination signal) is that the codon meanings are not
universal, they are flexible to a certain extent in the
range of the interpretation level of the code. Moreover,
there is now solid evidence that two distinct canonical
amino acids can be assigned by a single codon and this
type of codon is even named a ‘polysemous’ codon [44].
These ambiguities disappear when assuming an amino
acid repertoire for protein synthesis in living beings as
the central criterion for possible genetic code changes in
taxonomically different biological categories (e.g. spe-
cies, genus, families, phyla). This new reasoning is a sort
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of ‘Copernican turn’ in our conceptual perception of the
genetic code since codon reassignments are now of
second importance. They are allowed to a certain extent
in the context of the genetic code only if they do not
break (i) specific rules for protein self-assembly in the
cellular milieu, and (ii) interrelated networks of
metabolic and bioenergetic relationships in living or-
ganisms. The amino acid repertoire is of prime impor-
tance. The introduction of a new amino acid into the
conserved set of 20 amino acids is not allowed since (i)
the organisms cannot survive changes that would insert
new amino acids into the repertoire of the universal
genetic code, and therefore (ii) there is no evolution
‘standard’ — ‘alternative’ amino acid repertoire in the
genetic code.

Following this logic of reasoning, it is obvious that the
genetic code is conserved and universal. Its universality
could only be questioned seriously in the case of the
existence of species that regularly, in a codon-dependent
manner, build proteins with amino acids like homoser-
ine, homocysteine, ornithine, «-aminobutyric acid, nor-
leucine, selenocysteine, phosphoserine and norvaline.
To our knowledge, there are no such examples in the
living world. There are no codon captures which intro-
duce new amino acids, but only codon reassignments in
various organisms from one terminal signal or one
canonical amino acid to another, e.g. STOP — Gln,
Cys — Trp, Ile » Met, always in the framework of the
same, standardised amino acid repertoire. In other
words, there is no experimental evidence for amino acid
repertoire extension in all living beings.

Species-specific and experimental codon reassignments

As discussed above, species-specific reassignments or
changes in particular codon meaning are often reported.
This is especially pronounced in certain rapidly evolving
cellular organelles such as mitochondria [20] where, in
the context of the smaller genome and proteome, such
reassignments are more likely, since lethal effects are
less possible. In other living organisms, these species-
specific reassignments are sometimes ‘destructive’. An
example is the Leu — Ser change for the CUG codon in
some Candida species that probably enables better sur-
vival of these obligatory parasitic species in their hosts,
i.e. they function for adaptation to the new ecological
niches [43]. Disturbing effects of such reassignments
combined with codon usage are avoided in these cells
since the CUG codon is not used as a codon in the
cellular mRNA but only in a stress response like heat
shock [45]. It is therefore plausible to expect that future
investigations will reveal many other examples of such
or similar phenomena. But even then, it is not difficult
to anticipate that the only possible context for their
exceptional occurrence will be in the framework of the
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evolutionarily established amino acid repertoire of the
genetic code.

Possibilities for intervening experimentally at the inter-
pretation level of the code are now well established.
Introduction of numerous non-canonical amino acids
into proteins can be accomplished in vivo and in vitro
as well [46]. In this context, the question arises as to
how such findings can be interpreted in the light of the
discussed concepts? Such findings do not contradict the
above concepts and hypotheses since this artificially
achieved coding level (‘second’ code) is also within the
framework of the universal code. It follows an ‘amino
acid replacement model’ [47] which postulates a ‘similar
replaces similar’ mode of reassignment [1]. Finally it has
to be kept in mind that such reassignments are possible
only under special laboratory conditions using recombi-
nant DNA technology combined with artificially
achieved strong selective pressure and avoidance of
toxic effects for metabolism [48].

Statement 3: the genetic code is the oldest known level
of complexity in the evolution of living organisms that

is accessible to our direct observation and experimental
manipulations

Oldest molecular fossil known

In the context of the evolution of life on earth, the
development and establishment of the genetic code rep-
resent one of the most fascinating aspects. Although in
the 1960s, Crick prophetically stated that “discussion of
the actual amino acids used in the code may not be very
profitable. It might be more useful to consider which
amino acids are not used in the code”, until recently
there were no systematic attempts to study which amino
acids in addition to the canonical 20 can be introduced
into proteins during biosynthesis in vivo. After studying
the genetic code in the context of experimental attempts
to expand its amino acid repertoire, we have arrived at
a major conclusion: that the genetic code is only one,
but basic, level in the developing scheme of complex life
structures. In other words, it represents the oldest
molecular fossil known. The structure of the universal
code reveals the complexity of the living world existing
at the time of code conservation. This structure is not
unknown to us—it is actually accessible to our experi-
mental examination and even manipulations. In fact,
experimental study of this level has revealed the rules
and determinants that ‘cemented’ 20 canonical amino
acids as the standard repertoire in the genetic code.
Such a set of conserved building blocks was the basis
for establishing other levels of complexity that gener-
ated immense biodiversity in the course of the evolution
of life on earth. It is beyond the scope of this discussion
to consider the constraints on the selection of the many
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other biogenic and special canonical amino acids into
the bioenergetic and metabolic chemistry of living or-
ganisms. Long after the standard set of the amino acid
building blocks was established, these amino acids orig-
inated at other levels above the basic genetic code level
of complexity. In such a conceptual framework, their
generation represents the introduction of biological
novelties that can certainly be better understood after
experimental dissection of these levels.

‘Alpha’ and ‘omega’ points

It is widely accepted that conditions for the appearance
of life existed on earth around four billion years ago
[30]. The genetic code was established relatively quickly
after that event, either through convergent or divergent
evolution in the context of the postulated (and widely
accepted) prebiotic [16, 23, 30] and RNA world [7,
34-36]. Alternatively, its appearance might be viewed in
the context of the less widely accepted hypothesis of
‘cosmic panspermia’ [49] which suggests that informa-
tion necessary for the beginning of the evolution of life
was transmitted to the earth. In any case, it has not
escaped the attention of many researchers in the field
that the uniformity of biochemistry in all living organ-
isms argues strongly that all modern organisms descend
from the ‘last-common ancestor’ as recently discussed
by Orgel [50]. Furthermore, such conceptualisation is
also in agreement with Crick’s early ‘frozen accident’
theory [7] which states that ‘all life evolved from a single
organism (single closely interbreeding population)’.
Woese et al. [29] argued that ““all the previous stages...
might be considered ‘convergent’ by virtue of having as
the sole or main ‘goal’ the improvement of some fea-
tures of information transfer”. Thus, the emergence of
the ‘last common ancestor’ with an established and
standardised amino acid repertoire is the beginning or
the ‘alpha’ point of the Darwino-Mendelian world as
outlined in figure 2. This point as border between two
worlds also represents a rather sharp transition from
the postulated prebiotic and RNA world to the recent
Darwino-Mendelian world of modern cells. It can be
alternatively seen as a tunnel through which some ac-
tors from the old RNA world succeeded in entering the
new Darwino-Mendelian world. Examples of this are
tRNA molecules, which play a crucial role as passive
adapters in protein synthesis (they sometimes even have
other functions) or rRNA molecules which, together
with ribosomal proteins, are tuned and optimised in the
finest way possible to enable protein translation. The
characteristics of the Darwino-Mendelian world are
cells that possess a basic genetic code level which can be
defined as a set of instructions stored in nucleic acid
chemical form, which are transmitted into specific bio-
logical activities. This is enabled by the conserved (stan-

Expanded amino acid repertoire and the genetic code

dardised) amino acid repertoire in ribosomal protein
biosynthesis and by the presence of established proof-
reading and editing control mechanisms from DNA
replication to translation [51]. For primitive cells from
the postulated prebiotic and RNA world not having
such a code, this was the ‘omega’ point since it marked
their elimination or disappearance from the face of the
earth. While characteristics of the Darwino-Mendelian
world are observable, those of the extinct prebiotic and
RNA world might possibly be deduced only indirectly.

The best of all possible codes?

Arguing that the code for the standard 20 canonical
amino acids resulted at least in part from historical
accident, Crick [7] wrote: ““There is no reason to believe,
however that the present code is the best possible, and it
could have easily reached its present form by a sequence
of happy accidents. ...it may be frozen at local mini-
mum which it has reached by a rather random path”. In
contrast to this hypothesis, we strongly believe that our
code is the best of all possible codes [1]. But we are also
well aware that we might easily be wrong. Specifically, if
the evolutionary establishment of the code was a ran-
dom historical event or an accidental ‘chain of happy
events’, we will probably never be able to rationally
explain it by causal analysis. All our conceptual,
methodological and experimental efforts to deduce the
causes for the existing structure might be futile. On the
other hand, if the evolution of the code was a mechanis-
tically specific process, where statistically random but
favourable mutational events were successfully recruited
and amplified by selection, then we may be able to
grasp the principles behind its establishment. In this
way, it should be possible to challenge the enigma of the
origin of the code assuming that its genesis might not
have been a random historical process, but rather a
mechanistic one governed by universal laws of physics
and chemistry in evolution.
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