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molecule. In particular, their model would hypothesize the tRNA originated due to the ligation of three
hairpin structures followed by two deletions, while my model predicts that this molecule derived from
the assembly of only two hairpin-like structures. Thus, using the Ockham razor, the latter model would be
chosen because it required fewer hypotheses. Furthermore, the predictions on homology between the dif-

Keywords: ferent regions of the tRNA molecule as predicted by my model would be statistically more significant than

Molecular fossils
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tRNA models

those predicted by their model. Moreover, it would be above all the existence of molecular fossils - i.e.
the split tRNA genes - to corroborate the model of the assembly of only two hairpins. These fossils would
be completely absent from the Kim et al. (2018) model.

© 2019 Elsevier Ltd. All rights reserved.

[ believe that there is a highly corroborated model concerning
the origin of the tRNA molecule. This model postulates that the
tRNA molecule originated after the assembly of two hairpin-like
molecules (Di Giulio, 1992, 1995, 1999, 2004, 2006a). In fact, there
is a very simple way to construct the tRNA molecule (Fig. 1). Start-
ing from a hairpin precursor of RNA (Hopfield, 1978; Di Giulio,
1992) if two of these hairpins are assembled as shown in Fig. 1,
then the covalent union of these two hairpins would give rise -
passing through the intermediate stage of the double hairpin (not
shown in Fig. 1) (Tanaka and Kikuchi, 2001; Di Giulio, 2004; Bran-
ciamore and Di Giulio, 2011) - to the complete tRNA molecule (Di
Giulio, 1992, 1995, 2004, 2006a). The model has several properties
and there are strong arguments in its favor (Di Giulio, 1992, 1995,
1999, 2004, 2006a, 2009a, 2012), which are summarized below:

(i) If an RNA hairpin was indeed the precursor of the tRNA
molecule, then this necessarily had to participate in the
ancestral protein synthesis (Di Giulio, 1994, 1999, 2004,
2006a). If you place the anticodon near the 3’ end of the
hairpin (Fig. 1) then the assembly of two hairpins is such
that the anticodon is brought from the stem of the hairpin
structure to the anticodon loop region and the covalent clo-
sure of the molecule would therefore lead to the formation
of the anticodon loop (Moller and Janssen, 1992; Di Giulio,
1994, 1995, 2004, 2006a). That is to say, the model is able
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to explain the transfer of the anticodon from the 3’ end of
the hairpin to the anticodon loop with its relative formation
(Di Giulio, 1995, 2004, 2006a). Moreover, the model is able
to explain why many determinants of the identity of tRNAs
are located in the acceptor stem of these. Indeed, the model
is able to make evolutionarily equivalent the anticodon loop
region to that of the acceptor stem where many of identity
determinant nucleotides of tRNAs are located (Giege et al,,
1998; Branciamore et al., 2018). Namely, an anticodon of
the hairpin would give rise to the real anticodon while the
other would be the evolutionary precursor of determinants
of the identity of tRNAs (Di Giulio, 1995, 2004, 2006a), i.e.,
the second genetic code (de Duve, 1988; Schimmel et al.,
1993). That is to say, the model is able to relate the two
functional sites of the tRNA molecule in an evolutionary re-
lation: the anticodon in the anticodon loop and the deter-
minants of the identity of tRNAs in the region of the ac-
ceptor stem (Di Giulio, 1995, 2004, 2006a). If all this were
only the result of chance, then it would be truly unique. To
reinforce that this is not due to chance, but it is the re-
sult of how the tRNA molecule originated, it is the follow-
ing really amazing argument. According to the exon theory
of the origin of genes, the genes originated by assembling
pieces of smaller genes - i.e. the exons - and this assembly
would have been mediated by introns (Gilbert, 1978; Doolit-
tle, 1978; Gilbert et al., 1997). Therefore, a prediction of the
exon gene theory when applied to the tRNA model would
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Fig. 1. The origin of the tRNA based on two hairpin-like structures. The image was taken by Di Giulio (2006a). The cruciform structure in the center must also be understood
as covalently closed between only one free 3’ end and a free 5’ end (Di Giulio, 1992). In this sense the cruciform structure should also be interpreted as that of the double
hairpin (Tanaka and Kikuchi, 2001; Di Giulio, 2004; Branciamore and Di Giulio, 2011), which would represent the thermodynamically more stable structure and most likely
the evolutionary stage biologically active intermediate through which it passed to arrive at the final tRNA molecule (Tanaka and Kikuchi, 2001; Di Giulio, 2004; Branciamore

and Di Giulio, 2011).

be that the introns in tRNA genes should be located in the
anticodon loop because in this position they would remem-
ber the way with which the tRNA molecule was assembled
for the first time (Di Giulio, 1992, 1995, 2004, 2006a,b). In
fact, in this way the intron would cut the tRNA molecule
into two almost equal parts (Di Giulio, 1992, 1995, 2004,
2006a). The introns of tRNAs genes are localized in the an-
ticodon loop between the 37th and the 38th nucleotides
(Sprinzl et al., 1998). The position of these introns in tRNA
genes is conserved in tRNA genes of organisms from all
three domains of life (Sprinzl et al., 1998). Thus, it would
appear that the position of these introns in genes of tRNAs
is the most conserved and therefore the oldest known case
(Di Giulio, 1992, 1995, 2004, 2006a,b). Therefore, the intron
in this position would have mediated the union between the
two hairpin structures called to originate the tRNA molecule
(Di Giulio, 1992, 1995, 2004, 2006a). However, the amazing
results would not stop here. One of the main predictions of
this model is that given that the tRNA molecule would be
assembled by two RNA hairpin structures, then there should
have been an evolutionary stage in which tRNA genes ex-
isted encoding only one hairpin (Di Giulio, 1995, 1999, 2004,
2006a). This prediction is incredibly confirmed. Indeed, the
split genes of tRNAs were identified in which the 5 and 3’
halves are coded on completely separate genes and occupy-
ing regions that are also very distant on the chromosome
(Randau et al.,, 2005). These genes have been shown to be
the plesiomorphic forms, that is, ancestral forms of genes
for tRNAs (Di Giulio, 2006a,b, 2008a,b,c, 2009a,b). Moreover,
these broken genes are interrupted at the same point be-
tween the 37th and 38th nucleotides, i.e. at the same point
where the introns of tRNA genes are located (Randau et al.,
2005). This established a clear evolutionary relationship be-
tween the genes of tRNAs with introns and those completely
broken up and, in the latter, it would identify the ple-
siomorphic forms of these genes (Di Giulio, 2006b, 2009b).
It would then appear that these split genes of tRNAs are
the oldest known genes (Di Giulio, 2006a,b, 2009b). The ex-
istence of these split genes of tRNAs would strongly sup-
port the model presented in Fig. 1 because their ances-
trality (Di Giulio, 2006a, 2006b, 2009b) would be a direct
proof that this model might have been really operational
since even today the trans-splicing reaction takes place be-
tween two hairpin-like RNA structures encoded by these
very ancient broken genes (Di Giulio, 2004, 2006a,b, 2009b).

Of course this would also imply that the hairpins were evo-
lutionary precursors of the tRNA molecule (Di Giulio, 1995,
1999, 2004, 2006a).

(ii) The three-dimensional structure of tRNAs, the famous
L-shaped structure, is made up of two domains that
are basically two hairpin structures (Steinberg and Ceder-
gren, 1994). Given that the secondary and tertiary structures
of molecules of structured RNAs are considered to be bet-
ter conserved than their primary structures, and given that
in agreement with the model the tRNA molecule was as-
sembled using two hairpin structures, then the prediction
would be that in the tertiary structure of tRNAs the num-
ber of RNA domains should be equal to two as those actually
observed. This would represent a further corroboration in fa-
vor of the model (Maizels and Weiner, 1994; Di Giulio, 1995,
2004), given that the number of RNA domains envisaged by
the model would coincide with those actually observed.

(iii) Another prediction of the model is that by deriving the
tRNA molecule from the assembly of two hairpin structures
taken from a hairpin population of homologous structures,
then the two halves of tRNA molecules should be similar in
the sequence (Di Giulio, 1992, 1995, 1999). This forecast is
fully confirmed. Indeed, there are several works that indicate
that the two halves of tRNAs are in their statistically simi-
lar sequences (Di Giulio, 1992, 1995, 1999; Widmann et al.,
2005; Branciamore and Di Giulio, 2011). Furthermore, this
prediction was also confirmed by using the reconstructed
ancestral sequences of tRNA genes (Di Giulio, 1992, 1995).

On the contrary, the model of Kim et al. (2018) (Fig. 2) is based
on the ligation of three 31-nt mini-helices followed by two sym-
metrical 9-nt deletions within ligated 3/- and 5’-acceptor stems
(see also: Root-Bernstein et al., 2016; Pak et al., 2017). This model
posits both that the anticodon loop is homologous to the T-loop
and class I and class II V loops are homologous to acceptor stems
(Kim et al., 2018).

From a general point of view, the model based on the direct du-
plication of an RNA hairpin structure (Fig. 1) (Di Giulio, 1992, 1995,
2004, 2006a) - for the birth of the tRNA molecule - would cer-
tainly be more parsimonious than that by Kim et al. (2018) based,
instead, formally on ligations of three hairpin followed at least
by a deletion (Fig. 2). That is to say, according to Ockham’s ra-
zor (Panaccio, 2004), the first model would be chosen because it
would require fewer hypotheses to explain the origin of the tRNA
molecule than the second which would require at least two more.
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Polymer world:
EOGGCEEECAEEEECaG0GREERR0RE GCC repeats
[AGCCUAGCOUAGEEUAGEONAGEE UAGCC repeats

CCGGGMMMMMCCCGG 17 nt microhelix: stem-loop-stem

Replication generates complementary sequences

Minihelix world:

ECEECEENAGERNABRRNEEREIACCECCEE D 1oop minihelix
BEEEEEECCCGCNNNE CCCGGEBEEEEEE Anticodon loop minihelix
EEEECEECCCCCHNNMNNN CCCGGEEEEEEE T loop minihelix

ECEECEENAERRIABERNBEBRIACCEECEEACCA 31+4 D loop minihelix + 37-ACCA
BEEEEEEC GGG CCCGGBEEEEEEACCA 31+4 Anticodon loop minihelix + 3’ -ACCA

Evolution of cloverleaf tRNA (ligation and 9 nucleotide internal deletions):

eeeCCC DA CCaCCaCaeaaeaaC oMM CCCctaEearEaeaaeat oo MMM CCCGGEEREEEAACCA 93+4 Cloverleaf precursor
oG5S CUNSERNSORGSRNGGCas - . JMN < cEOBGERCE0EGaGY oo N oCoBRRRERRACCA 1+ Type 11 thNA

oop

GeGGCee NGRS R CECGG .MM ©CcoEeaeeC Coc MMM CCCGGEEREEEEACCA 75+ Type 1 tRNA

5'-As D-loop 5-As*
V loop

Ac-loop 3’-As* T-loop

3-As

Fig. 2. Models for the evolution of class-I and class-II tRNAs. The image was taken by Kim et al. (2018). For comments see text; while for more information on the model

see Kim et al. (2018), Root-Bernstein et al. (2016), and Pak et al. (2017).

A critique that can be moved to this model - which predicts
that the tRNA molecule of class I and that of class II derive from
a longer cloverleaf precursor (Fig. 2) - is that it fails to explain the
observed distribution of amino acids to class I and class II. For the
Ser, Leu and Sec amino acids only class II tRNAs were observed,
while for Tyr, both class I tRNAs in archaea and eukaryotes and
class II were found in bacteria (Sprinzl et al., 1998). If the hypoth-
esis that the class I and Il tRNAs derived from a longer cloverleaf
precursor (Fig. 2) were true, then we would have to observe that
the class I tRNAs should have been observed with a higher fre-
quency - in tRNAs of these four amino acids - precisely because,
among other things, the class I tRNAs are the most frequent ones
(Sprinzl et al., 1998). What has not been observed. In other words,
it would appear that the number of tRNAs of class I for tRNAs of
these four amino acids is less than that expected on the basis of
their absolute frequency in the population of all tRNAs. Indeed, the
probability of the distribution of the class I tRNAs in the class II
tRNAs for these four amino acids is equal to P=0.015." While a
more numerous presence of class I tRNAs would have resulted in
not statistically significant distributions. This probability defining
an unlikely event is in favor of the hypothesis that the model of
Kim et al. (2018) is not correct because the distribution of the class
I tRNAs reflected in this probability does not adequately represent
this model. Indeed, we would have had to observe more class I tR-
NAs on tRNAs of these four amino acids in order to corroborate the
hypothesis that the class I and Il tRNAs would derive from a longer
cloverleaf precursor. This would be expected based on the model
of Kim et al. (2018) since this would predict an evolution from the
long cloverleaf precursor towards the class Il tRNA and then to the
class I tRNA (Fig. 2), with an unavoidable accumulation - on the
basis of their model, which is not observed - of tRNAs of class I
in organisms that would also have class II tRNAs. In other words,

1 The probability was calculated with the Barnard test with parameters: a=0,
b=9, c=2, d=1; while Fisher’s exact test provides a P=0.045. The 2 x 2 contin-
gency table has the following four categories: 1. tRNAs of class I (a=0), 2. tRNAs of
class Il (b=9), 3. amino acids with only one class of tRNAs (c=2), 4. amino acids
with the two classes of tRNAs (d=1).

this relative distribution of the class I tRNAs and class II tRNAs of
these four amino acids would seem better to reflect the hypothe-
sis that these class I tRNAs are not evolving towards those of class
I because otherwise we would have observed a higher number of
tRNAs of class I among tRNAs of these four amino acids. This sup-
ports a model of non-evolutionary transition between the class Il
tRNAs and those of class I (Di Giulio, 2013), such as that of Fig. 1.

Kim et al. (2018) claimed that: “One proposed two minihelix
model is based too heavily on analysis of tRNA introns in the Ac
loop of one archaeal species. Introns are found in many sites of
archaeal tRNAs, not just in the Ac loop”. This is absolutely incom-
prehensible. The model (Di Giulio, 1992, 1995, 2004, 2006a) is not
based on the analysis of introns of tRNAs of the Ac (anticodon)
loop of one or few archaeal species but on the fact that the po-
sition of the intron between the 37th and 38th nucleotides of tR-
NAs genes is unique in that it is conserved in organisms from all
three domains of life: indeed that in one or some archaeal species!
Therefore, the position of this intron could have been a witness
of the origin of the tRNA molecule because the intron of this po-
sition might have mediated the union between the two hairpin
structures called to form the tRNA molecule, given its secure an-
tiquity (see above; Di Giulio, 1992, 1995, 2004, 2006a, 2009b). It
is true that there are other introns in genes of tRNAs in other po-
sitions but these are not absolutely relevant to the model. Their
presence in no way alters the conclusions concerning the intron of
the loop of the Ac because these introns are most likely of the ac-
quired traits but not very ancient as that of the loop of the Ac (Di
Giulio, 1992, 1995, 1999, 2004, 20063, 2009b).

Kim et al. (2018) claimed that: “Our model makes strong se-
quence predictions, which are all justified by statistical tests. So
far as we can judge, two minihelix models do not make strong
sequence predictions that can be justified by any analysis we can
apply”. The observations of Kim et al. (2018) are statistically less
significant (see also: Root-Bernstein et al., 2016; Pak et al., 2017)
than those of our analyses that have comparably used thousands
of tRNA sequences (Di Giulio, 1995; Widmann et al., 2005; Branci-
amore and Di Giulio, 2011). Thus, it is to be seen whether their
statistical tests corroborate how much their model assumes. In
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contrast, my model not only makes precise predictions regard-
ing the homology between different regions of tRNA sequences,
showing for example, which is the two halves of tRNAs being
homologous (Di Giulio, 1992, 1995); but also that in an analy-
sis used 6810 tRNAs homology was corroborated both on the 5’
and 3’ halves of tRNAs as they are integer in the statistical anal-
ysis, and on individual regions that the model could be homol-
ogous such as, for example, the homology between the D loop
and Ty loop (Branciamore and Di Giulio, 2011). In this regard,
Kim et al. (2018) claimed: “We show clearly that the Ac loop and
T loop are homologs. In a two minihelix model, however, the Ac
and the T stem-loop-stem cannot be homologous, because the Ac
loop must be bisected to make the comparison, spoiling the align-
ment. Rather, a two minihelix model predicts that the D loop and T
loop should be similar in sequence, which they clearly are not”. In
Di Giulio (1992) we can read: “In conclusion, even if there seems to
be some doubt as to which pairs of nucleotides are really homol-
ogous, what we can certainly say is that the D-loop and T -loop
of the present tRNAs have a very high degree of similarity, even
in different base homology patterns, and are the most convincing
evidence that the tRNA molecule was able to originate following
a duplication event (Di Giulio, 1992)". This conclusion was subse-
quently confirmed (Di Giulio, 1995; Widmann et al., 2005; Bran-
ciamore and Di Giulio, 2011). Indeed, the invariance of some nu-
cleotides in the loops and neighboring regions (Eigen et al. 1989)
is such as to make the similarity of these regions unquestionable
(Di Giulio, 1992) even if it was not easy to identify the truly ho-
mologous nucleotides in the two loops (Di Giulio, 1992) and this
might, at least partly, justify the contrasting behaviour of these
regions (Branciamore and Di Giulio, 2011). Therefore, we verified
the robustness of the complementarity in the loop regions and
we find that it transforms into homology when the compared re-
gions of the Ty -loop are less rigid and allow two or three nu-
cleotides from the nearby stem to be included in the analysis
(Branciamore and Di Giulio, 2011). In conclusion, it is extremely
probable that the D loop is homologous to the Tyr-loop, while it
is really unlikely that the Ac loop can be homologous to the T
stem-loop-stem as predicted by the Kim et al. (2018). Furthermore,
Kim et al. (2018) claimed that: “As we show here, and as we have
shown previously, the D-loop microhelix is based on a UAGCC re-
peat, which cannot be similar in sequence to a CCGGGUUCAAAUC-
CCGG T stem-loop-stem. In Figure 4B, we show two perfect UAGCC
repeats in the D loop, indicating the UAGCC repeat”. As just re-
called it is really unlikely that the Ac loop can be homologous to
the T stem-loop-stem as predicted by Kim et al. (2018). Further-
more, the UAGCC repeat is not properly part of the D loop or at
least these two repeats cover only less than half of the D stem-
loop-stem (see Fig. 4B of Kim et al. (2018)) while our analysis com-
pared more precisely the regions of D stem-loop-stem and that of
the T stem-loop stem and clearly showed that these are similar, i.e.
homologous regions (Di Giulio, 1992, 1995; Widmann et al., 2005;
Branciamore and Di Giulio, 2011).

Kim et al. (2018) claimed that: “another criticism of the two
minihelix models is that they appear to require unlikely sequence
and structural convergence of the 7-nt U-turn Ac and T loops. If
the homology of the Ac and T stem-loop-stems is accepted (Fig. 2),
only the three minihelix model makes sense”. My model of the two
minihelices (Fig. 1) does not require any structural convergence in
the 7-nt sequences U-turn Ac and T loops because it does not es-
tablish any evolutionary relationship between these two regions of
the tRNA molecule. Indeed, this model rejects the homology be-
tween the region of the Ac and that of the T stem-loop-stem, sug-
gesting instead that the T-stem-loop-stem is homologous to the
D stem-loop-stem on the basis that this last homology is corrob-
orated by the strong sequence similarity between these two re-
gions with probability values of several orders of magnitude more

significant (Branciamore and Di Giulio, 2011) than those found in
the works supporting instead the homology between the region of
the Ac and that of the T stem-loop-stem (Kim et al., 2018; Root-
Bernstein et al., 2016; Pak et al., 2017).

In conclusion, I am not only convinced that the model by
Kim et al. (2018) fails to explain the origin of the tRNA molecule
appropriately, but that the model of Bloch et al. (1985) - very sim-
ilar to the model by Kim et al. (2018) - based on three replica-
tion cycles of a small hairpin, is able to give a most parsimonious
description of the tRNA origin and therefore better than that pro-
vided by the Kim et al. (2018), but however - it seems to me - not
superior to that of the model favored here (Di Giulio, 2012, 2013).
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