J Mol Evol (2002) 55:616-622
DOI: 10.1007/s00239-002-2357-6

OLECULAR
EVOLUTION

© Springer-Verlag New York Inc. 2002

JOURNAL OF

Genetic Code Origin: Are the Pathways of Type Glu-tRNA®™ — GIn-tRNA®™"

Molecular Fossils or Not?

Massimo Di Giulio

International Institute of Genetics and Biophysics, CNR, Via G. Marconi 10, 80125 Naples, Italy

Received: 28 December 2001 / Accepted: 8 March 2002

Abstract. A logical-evolutionary analysis is con-
ducted to clarify whether or not pathways of type
Glu-tRNA“™ — GIn-tRNA“™ are molecular fossils
of the mechanism that gave rise to the evolutionary
organization of the genetic code. The result of this
analysis is that these pathways are most likely a
manifestation of this mechanism. This provides
strong evidence in favor of the coevolution theory of
genetic code origin, as this theory is based on the
amino acid biosynthetic transformation taking place
on tRNA-like molecules which imprinted the genetic
code structuring. Comments on the different inter-
pretations of these pathways found in the literature
are also provided.
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The Coevolution Theory of Genetic Code Origin and
the Aims of the Analysis

The coevolution theory of genetic code origin (Wong
1975) postulates that during code evolution there was
a phase in which only a few amino acids (the pre-
cursors) were codified. As the other amino acids (the
products) evolved from these through biosynthetic
pathways, part or all of the codon domain of the
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precursor amino acids was conceded to the product
amino acids (Wong 1975). Therefore, the theory
suggests an evolutionary origin of genetic code or-
ganization, determined by an imprinting of the bio-
synthetic pathways linking the amino acids on the
code organization (Wong 1975).

Although the statistical foundations of this theory
have recently been questioned (Ronneberg et al.
2000), they nevertheless seem to be robust, as has
been shown in another analysis (Di Giulio 2001a).
Moreover, the quantity of data which seem to cor-
roborate the coevolution theory is so large (Dillon
1973; Wong 1975, 1976, 1980, 1988; McClendon
1986; Wachtershauser 1988; Danchin 1989; Taylor
and Coates 1989; de Duve 1991; Di Giulio 1992b,
1993, 1996, 1997a—c, 1999, 2000; Di Giulio et al.
1994; Di Giulio and Medugno 1998, 1999, 2000,
2001; Morowitz 1992; Miseta 1989; Edwards 1996;
Chaley et al. 1999; Bermudez et al. 1999; Tumbula
et al. 2000) that we are seriously led to consider this
theory as one of the best hypotheses at our disposal
to explain the origin of genetic code structuring.

This theory claims that the mechanism leading the
precursor amino acids to concede part or all of their
codon domain to the product amino acids was based
on tRNA-like molecules on which the theory envis-
ages that the precursor—product amino acid biosyn-
thetic transformation must have taken place (Wong
1975). In other words, if the precursor—product
amino acid transformation did take place on tRNA-
like molecules, it would not be difficult to imagine
how the precursor amino acid was able to concede
some codons from its domain to the product amino
acid, because the latter was automatically charged on
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The pathways currently taking place on tRNAs and transforming one amino acid into another, together with their phylogenetic

Pathway

Phylogenetic distribution

Glu-tRNA®™ - GIn-tRNAS™
Asp-tRNAA™ —5 Asn-tRNAAS?
Ser-tRNAS® — Sec-tRNAS®
Met-tRNAM®t 5 fMet-tRNAMet

Bacteria and Archaea

Bacteria (present in a minority) and Archaea
Bacteria, Archaea, and Eucarya

Bacteria and organelles

? For the original references, see Ibba et al. (1997, 2000) and Tumbula et al. (2000).

a tRNA that recognized codons belonging to the
precursor.

We are therefore somewhat surprised to find that
today’s organisms contain pathways of the type Glu-
tRNAC™ -5 GIn-tRNAC™ (Ibba et al. 1997, 2000;
Tumbula et al. 2000) (Table 1), which indeed seem to
be a manifestation of the mechanism on which the
coevolution theory is founded (Wong 1976, 1988;
Danchin 1989; Di Giulio 1993, 1997a—c, 1999, 2000).
Establishing whether or not these pathways actually
are molecular fossils of the mechanism that gave rise
to genetic code structuring is a critically important
point. This is because, as molecular fossils, these
pathways would provide evidence of inestimable
value in that these fossils would have a high content
of the history of the early phases of life on earth.
Therefore the aim of the present paper is to conduct a
logical-evolutionary analysis to ascertain whether or
not the pathways of type Glu-tRNAS™ — Gin-
tRNAS™ are molecular relics of the mechanism that
gave rise to genetic code organization and comment
on some interpretations of the meaning of these
pathways.

The Pathways Transforming One Amino Acid into
Another and Taking Place on a tRNA

All these pathways (Table 1) share the fact that an
amino acid is charged onto a tRNA specific for an-
other amino acid and that one biosynthetic step [in
the case of selenocysteine (Sec) more than one bio-
synthetic step (Baron and Bock 1995)] transforms the
first amino acid into the second. After this biosyn-
thetic transformation the tRNAs charged in this un-
usual way can take part in protein synthesis.

Given the analogy among all these transforma-
tions (Table 1), it seems clear that they should be the
manifestation of a single mechanism which deter-
mined them. This seems clear if we consider the al-
ternative hypotheses that these pathways are the
result of a number of different mechanisms, that is,
they were produced at different times and under dif-
ferent selective pressures, as all four of these path-
ways (Table 1) ultimately affect a single fundamental
process: protein synthesis. In other words, it would be
extremely curious if all these pathways were not the

manifestation of a single mechanism which gave rise
to them, as they have a single final effect, namely, that
of affecting protein structure.

Pathways Encountering Difficulty in Their Evolution:
How Did They Ever Evolve?

Clearly there must have been a very important reason
why these pathways (Table 1) came to exist. That is,
the selective pressure leading to the evolution of these
pathways must have been very strong because, oth-
erwise, evolving these four pathways independently
without a more than plausible reason would have
been practically impossible. Yet this important rea-
son apparently seems to elude us because, normally,
the task of charging a given amino acid onto a spe-
cific tRNA is universally performed by an aminoacyl-
tRNA synthetase. Therefore, although we expect to
find a clear evolutionary reason for the existence of
these pathways, it is not at all evident, if not indeed
obscure, and we are unable to find an immediate
justification for it (Di Giulio 2000).

However, Poole et al. (1998) suggest an interesting
explanation for the Glu-tRNAS™ — GIn-tRNAC™
pathway based on the acquisition of thermophily.
They claim that as Gln is unstable at high tempera-
tures, this should limit the rate of protein synthesis,
and the solution for thermophiles/hyperthermophiles
was to charge Glu on tRNA"™ and therefore transa-
minate the Glu immediately prior to incorporating
Gln into proteins. Clearly an identical consideration
could be made for the pathway Asp-tRNA”" — Asn-
tRNA™" as Asn is also unstable at high temperatures
(Greenstein and Winitz 1961). Poole et al. (1998)
consider these two pathways, and therefore the mis-
charging, as a biochemical adaptation to extreme
conditions and not as an ancestral trait. This hy-
pothesis makes a simple prediction: if these pathways
actually were the result of an adaptation to high
temperatures, they should not be present in mesophile
organisms phylogenetically far from thermophiles.
This does not appear to be the case, as, for instance,
the Glu-tRNAS™ — GIn-tRNAS™ pathway is present
throughout the Bacteria and Archaea domains and
not just in thermophile organisms (Table 1). Hence, it
is only under the hypothesis that the root of the uni-
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versal tree is situated in the Eukarya domain that the
authors’ hypothesis would be true, and even then,
only with a 50% probability. In the other two possible
cases of universal tree rooting, this pathway would be
a trait belonging to the last universal common an-
cestor (LUCA) and, therefore ancestral and not de-
rived as Poole et al. (1998) claim; that is, unless this
pathway evolved twice and independently in the
Bacteria and Archaea domains, which is highly im-
probable. More generally, this hypothesis would not
explain the presence of the pathways for the other two
amino acids, which seem to be stable at high tem-
peratures, or the involvement of different tRNAs
charged with different amino acids in the biosynthesis
of different molecules (see Table 1 of Di Giulio
1997a). All this therefore defines these pathways as
probable molecular fossils (Di Giulio 1997a).

The entire issue becomes even more complex if we
consider that under the hypothesis that these path-
ways are an acquired trait (Poole et al. 1998; Ardell
and Sella 2001), their evolution would have been
greatly hindered (Di Giulio 2000). If the first step in
evolving these pathways consisted of charging an
amino acid onto a tRNA specific for another amino
acid, this operation would produce a mischarged
tRNA. And this would be lethal if it went into ri-
bosomes because it would insert one amino acid in-
stead of another into all the proteins and would
therefore be highly selected against. Even if the evo-
lution of these pathways followed a retrograde evo-
lution, there would in any case be the appearance of a
tRNA charged with an inappropriate amino acid, the
effects of which would almost certainly be lethal.
Therefore, the evolution of these pathways in protein
synthesis as we know it would be extremely difficult,
if not impossible.

We thus come to an apparently paradoxical con-
clusion: How did pathways encountering difficulty in
their evolution ever evolve? (Di Giulio 2000). It is
clear that to remove these difficulties we need simply
postulate that these pathways reflect an ancestral
metabolic state. In other words, these pathways are
not an acquired trait (Poole et al. 1998; Ardell and
Sella 2001) but a very ancient feature, i.e., they are
molecular fossils of a metabolic stage (Wong 1976,
1988; Wachtershauser 1988; Danchin 1989; Benner
et al. 1989; de Duve 1991; Di Giulio 1992a, 1993,
1997a, b, 1999, 2000; Edwards 1996).

Phylogenetic Considerations

The presence of the Ser-tRNAS® — Sec-tRNAS®
pathway in all three main lines of divergence (Table 1)
makes it possible to attribute this pathway to the
LUCA. Itis acknowledged that Sec (selenocysteine) is

the 21st amino acid codified in the genetic code (Bock
et al. 1991b); that is, that there was probably a time
when Sec was commonly incorporated in proteins.
However, the emission of oxygen into the atmosphere
is thought to have created a strong selective pressure
aiming to eliminate Sec from proteins, given its strong
susceptibility to oxidation (Bock et al. 1991a, b).
Therefore, we must logically conclude that this path-
way could be related to genetic code origin because (1)
phylogenetic considerations attribute the existence of
this pathway to the LUCA, therefore attesting to its
clear antiquity; moreover, given that (2) a mechanism
affecting the genetic code is involved, it is natural to
think that this might be the expression of the mech-
anism promoting genetic code structuring; and, fi-
nally, (3) in light of the RNA world hypotheses (White
1976; Gilbert 1986; Benner et al. 1989; Gibson and
Lamond 1990; Di Giulio 1997a, ¢, 2000; Poole et al.
1998), this pathway can certainly be attributed to
certain phases of the origin of life and therefore to
genetic code origin (Di Giulio 1997a, c).

The Glu-tRNA®™ — GIn-tRNAS"™ pathway is
present in the Archaea and Bacteria domains (Ta-
ble 1) and it is therefore more likely that the LUCA
also had this pathway, although if the universal tree
were rooted in the Eukarya domain, the LUCA
might or might not have had this pathway with an
equal probability. A substantially equivalent conclu-
sion can be reached for the pathway Asp-tRNA®" —
Asn-tRNA™" although this pathway has been
identified only in the Archaea domain and in few
organisms of the Bacteria domain (Table 1). How-
ever, this pathway should be refractory to horizontal
transfer and it is thus as if it were present throughout
the Bacteria domain, given the implausibility of its
independent origin from the same pathway present in
the Archaeca domain. Finally, as the pathway Met-
tRNA™et 5 fMet-tRNA™® is present only in the
Bacteria domain, it is most probably a particular
feature of this domain, also in consideration of the
major differences among the three domains with re-
gard to the initiation of translation (Guarlerzi and
Pon 1990; Pain 1996; Kozak 1999; Di Giulio 2001D).
We must therefore conclude that this pathway might
not have been present in the LUCA. Nevertheless, it
was certainly present in the ancestor of the Bacteria
domain and is thus very ancient and might still reflect
the mechanism that led to the structuring of the ge-
netic code, although expressed in a more advanced
phase (Di Giulio 2001b).

In conclusion, the phylogenetic considerations on
these pathways are, on the whole, such as to imply
their presence in the LUCA, thus attesting to their
certain antiquity, which, in addition to the mecha-
nism through which they operate and the difficulties
that would derive under the hypothesis of their recent
origin, would truly seem to imply an involvement of



these pathways in the origin of genetic code struc-
turing.

Conclusions

On the basis of the comments made in the previous
sections we must reasonably conclude that these
pathways (Table 1) had something to do with genetic
code origin. This conclusion, although debatable, is
the best we have to rationalize the evolution of these
pathways. The alternative hypothesis, which sees
these pathways as derived traits (Poole et al. 1998;
Ardell and Sella 2001), is certainly untrue for the Ser-
tRNAS® — Sec-tRNAS pathway (Table 1), as it is
for the pathways involving the two amides (Table 1),
because all these pathways were most likely present in
the LUCA (see previous sections) and cannot there-
fore, by definition, be a derived trait. However, the
hypothesis which sees these pathways as being unre-
lated to genetic code origin, while acknowledging
their antiquity (Cavalier-Smith 2001), clashes with (1)
the intrinsic difficulty in evolving these pathways in a
protein synthesis apparatus which is already complex
and (2) the unclear immediacy of a strong selective
pressure aiming to trigger their evolution, as well as
(3) the mechanism through which these pathways
operate, which is such as naturally to suggest its
connection to genetic code origin, as, moreover, en-
visaged by the coevolution theory (Wong 1975). All
these difficulties are simultaneously removed if we
postulate that these pathways are molecular fossils of
a metabolic state, i.c., they are a manifestation of the
mechanism through which the genetic code structur-
ing was originated.

Comments on the Different Evolutionary
Interpretations of These Pathways

Ardell and Sella (2001, p. 271) recently echoed the
assertions of Poole et al. (1998) regarding these
pathways, that is, “This particular case is almost
certainly a derived rather than an ancestral condi-
tion.” In light of the comments made in the previous
sections, we can confidently say that this is simply
untrue. Moreover, the authors (Ardell and Sella 2001,
p. 271) say that ““if misacylation is a reasonable
model for a proximal mechanism of code change
through duplication and divergence, then this evi-
dence would seem to favor the encoding of novel
amino acids that are stereochemically or physico-
chemically related, rather than metabolically related
to an ancestral ligand.” This is simply paradoxical.
These pathways (Table 1) are the most evident
manifestation of the mechanism on which the co-
evolution theory is founded (Wong 1975, 1988; Di
Giulio 2000) because they establish a link between the
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codon domain of the precursor amino acid and the
codons of the product (see also the introductory
section). Even if physicochemically similar amino
acids are involved in these transformations, this is no
evidence in favor of either the stereochemical or the
physicochemical theory. The stereochemical theory
(Woese 1965, 1967; Nelsestuen 1978; Balasubrama-
nian et al. 1980; Shimizu 1982; Yarus 1998) suggests
that genetic code origin took place through direct
interaction between anticodons (or codons) and the
corresponding amino acids. Therefore, this interac-
tion is clearly contradicted by these pathways be-
cause, if we assume that they manifest the mechanism
that structured the genetic code, they do not contain
any interaction between anticodons and amino acids,
as envisaged by the stereochemical hypothesis, but
only a metabolic transformation of one amino acid
into another, which contradicts this interaction. The
postulates of the physicochemical theory (Woese et al.
1966; Fitch and Upper 1987) claim that the phys-
icochemical properties of amino acids must be highly
optimized inside the genetic code table in that similar
amino acids must be codified by codons that are as
similar as possible, which does not currently seem to
be the case (Wong 1980; Di Giulio et al. 1994; Di
Giulio and Medugno 1998, 1999, 2001). It is also
worth recalling that the coevolution theory is com-
patible, i.e., it does not deny that similar amino acids
can have somehow similar codons (Wong 1980).
What the latter theory does deny is that the optimi-
zation level of the physicochemical properties of
amino acids in the genetic code is very high (Wong
1980), which, as we have already said, does not cur-
rently seem to be the case.

Cavalier-Smith (2001, p. 585) says that “‘there is no
evidence from the structure of the code that gluta-
mine or asparagine captured glutamate or aspartate
codons. Phylogenetic data also do not support such
an explanation for either amino acid.” This is simply
not true. If the codons of Gln and Asn codified, as
envisaged by the coevolution theory, in a phase of
code development for Glu and Asp, respectively, then
this simple postulate is such as to remove, in the ge-
netic code, all the noncontiguities between amino
acids in precursor—product relationships (Wong 1975,
p. 1909). Therefore, the opposite of what Cavalier-
Smith (2001) says is true: the coevolution theory is
based on this very fact and the genetic code structure
provides support in favor of this interpretation. It is
therefore highly significant for the coevolution theory
that these two pathways have been identified for these
two pairs of amino acids in precursor—product rela-
tionships and not for other pairs. The sentence im-
plying phylogenetic arguments is also very dubious, if
not simply untrue. This is because, as we have seen,
the pathways involving the two amides were most
likely present in the LUCA, and therefore, regardless
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of the phylogenetic considerations of Cavalier-Smith
on the distribution of glutaminyl-tRNA synthetase
and asparaginyl-tRNA synthetase, these pathways
are very ancient and might well have been involved in
the structuring of the genetic code. Moreover, the
presence of glutaminyl-tRNA synthetase in the
LUCA is not certain on the basis of current data
(Lamour et al. 1994; Handy and Doolittle 1999) and
it might have originated in the Eukarya domain and
only later have horizontally transferred to the Bac-
teria domain (Lamour et al. 1994; Handy and Doo-
little 1999). The latter point thus stresses that the
pathway involving Gln might have had something
directly to do with the origin of the genetic code, as
the corresponding aminoacyl-tRNA synthetase might
have been absent during this origin.

Cavalier-Smith (2001, p. 584) says, “Selenocys-
teine almost certainly first became encoded by the
modification of serine while bonded to one of its
tRNAs; it is possible the only amino acid added to
the code in this way which Wong (1975) postulated
was the predominant method.” And also, “There is
no reason to suppose that the UGA codon was ever
used by serine: serine simply provided a tRNA that
could mutate to selenocysteinyl-tRNA to capture it”
(Cavalier-Smith 2001, p. 586). There is something in
this that is simply incomprehensible, as it does not
want to accept, in the absence of a truly alternative
hypothesis, that this example strongly corroborates
the coevolution theory (Wong 1976, 1988; Di Giulio
1992a, 1993, 1997b, 1999, 2000). The presence of the
pathway leading to Ser-tRNAS® — Sec tRNAS® in
the three main phyletic lines (Table 1) indicates that
this was present in the LUCA. Moreover, on the basis
of the comments made in the previous sections, the
pathways involving Gln and Asn seem to be equally
ancient as the pathway involving Sec, and this sug-
gests that the same mechanism that allowed Gln and
Asn to enter the genetic code was most probably also
responsible for the entry of Sec; and since in the case
of Gln and Asn there are no termination codons in-
volved, this indicates that the codon UGA might
possibly, but not necessarily, have codified for an-
other amino acid (i.e., for Ser) before codifying for
Sec and thus for termination. If all this is hypothet-
ical, then Cavalier-Smith’s arguments are equally
hypothetical, but we cannot consider it as such be-
cause it is inserted in the framework of a theory
(Wong 1975) that is supported by an enormous
number of data (Dillon 1973; Wong 1975, 1976, 1980,
1988; McClendon 1986; Wachtershauser 1988; Dan-
chin 1989; Taylor and Coates 1989; de Duve 1991; Di
Giulio 1992b, 1993, 1996, 1997a—c, 1999, 2000; Di
Giulio et al. 1994; Di Giulio and Medugno 1998,
1999, 2000, 2001; Morowitz 1992; Miseta 1989;
Edwards 1996; Chaley et al. 1999; Bermudez et al.

1999; Tumbula et al. 2000). Moreover, as shown here,
these pathways (Table 1) seem to have all the requi-
sites of molecular fossils (Di Giulio 1997a) and so my
interpretation is not really so hypothetical. More
generally, here we find ourselves facing a problem
often encountered in evolutionary biology, namely,
that our convictions are based more on feeling that
on truly rigorous proofs.

Cavalier-Smith (2001, p. 586) says, “The codon
correlations with biosynthetic pathways are robust
(Taylor and Coates 1989; Di Giulio and Medugno
2000) but, if as I have argued, this correlation is
simply caused by conservation of amino acid recog-
nition patterns during codon capture, it would be
misleading to refer to it as being explained by the
coevolution theory.” Such claims are simply false.
The conservation of amino acid recognition patterns
can explain neither the correlation nor, above all, the
specificity of the correlation existing between the
biosynthetic pathways linking amino acids and the
attribution to them of specific codons in the genetic
code (Wong 1975; Taylor and Coates 1989; Di Giulio
2001a). This is because these patterns should be in
relation to the amino acids belonging to the columns
of the genetic code, as it is here that physicochemical
properties of amino acids are better allocated (Nels-
estuen 1978; Wolfenden et al. 1979; Sjostrom and
Wold 1985; Di Giulio 1989; Taylor and Coates 1989),
whereas the biosynthetic relationships are mostly
distributed over the rows of the code (Taylor and
Coates 1989). This therefore defines a generally op-
posite behavior between these conservation patterns
and the biosynthetic relationships between amino
acids, which suggests that Cavalier-Smith’s explana-
tion is most probably untrue because, otherwise, this
behavior should have been at least parallel. And even
if it is known that amino acids in precursor—product
relationships have, on average, similar physicochem-
ical properties (Di Giulio 1992b, 1996), this cannot
explain the relationship between biosynthetic path-
ways linking amino acids and the organization of the
genetic code because this relationship is, moreover,
too specific and must therefore be the result of an
equally specific mechanism (like the one envisaged by
the coevolution theory), not unspecific as predicted
by the amino acid recognition patterns through the
mechanism based on the codon capture hypothesis.
The latter mechanism (Osawa and Jukes 1988) can-
not explain the relationship between the biosynthetic
pathways between amino acids and genetic code or-
ganization because it establishes no real connection
between the codons of amino acids in a biosynthetic
relationship. In other words, the logic of progressive
codon capture used by Cavalier-Smith (2001) cannot
explain the coevolution between the biosynthetic
pathways of amino acids and the genetic code



because it is not based on a mechanism which es-
tablishes a true connection between the codons of the
amino acids in biosynthetic relationships and cannot
therefore imply that these relationships are then re-
flected in the genetic code. More specifically, a
product amino acid evolving along a biosynthetic
pathway having another amino acid as its precursor
must not occupy, on the basis of the codon capture
hypothesis, a codon contiguous to the precursor, but
it can take any codon that became available at that
evolutionary moment, thus not necessarily in relation
to the codons of that precursor. It therefore seems to
me quite literally impossible that the codon capture
mechanism can take into account the correlation and,
above all, the specificity of the relationship between
the biosynthetic pathways linking amino acids and
the organization of the genetic code, as claimed by
Cavalier-Smith (2001).
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