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Abstract: The gene translation system possesses inherent complexity in distinguishing codons with degeneracy
through repertoires of aminoacyl-tRNAs in the ribosome. Implementation of inosine nucleoside at the
anticodon wobble-position in certain tRNAs, especially in eukaryotes, might be arisen to establish complex
decoding systems. This report introduces the novel concept of “decoding tables”, which serve as concise
summaries of codon-anticodon pairings provided in codon table-like format. Utilizing tRNA genome database
information and a procedure based on compiled tRNA studies, the tRNA repertoire and the use of wobble
pairings can be depicted for any organisms. The decoding table sheds light on the use of wobble pairings across

diverse organisms.
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Introduction

Francis Click wrote “wobble hypothesis” in 1966 [1], and explained wobble base parings
between inosine nucleoside (hypoxanthine as a base) of tRNA anticodon and codon bases, after the
tRNAAR structure from brewery yeast was reported to have inosine [2] and was located in the first
position of the anticodon, wobble position [3]. Subsequent studies demonstrated that utilization of
inosine in the wobble position is ubiquitous, especially in eukaryotes, but not conserved in all
applicable tRNAs of organisms. Since then, tRNA modifications, aminoacylation of tRNAs, the
ribosomes and translation machinery were intensively studied revealing aspects of the translation
systems.

As tRNA genome databases and analysis programs have been established in current genome
era, starting from the tRNA genomic genes, reconsideration of codon-anticodon pairings should be
useful to deepen understanding of translation of the genes. Here I propose a concept of “decoding
tables” for genetic code as a conceptual framework. The decoding table depict codon-tRNA anticodon
pairings, based on tRNA genomic gene information (tDNA)[4,5] and experimentally elucidated
general features of tRNA. The use of wobble position pairings is specific to individual organisms.
Among a lot of tRNA modifications, the decoding tables selectively include modifications at the
anticodon site that affect selection of the pairing codon. The tables have limitations: 1) tRNA
modifications that do not influence codon selection are not included, and 2) contextual effects are not
considered. Despite these limitations, I believe that the decoding tables are crucial for understanding
the codon-tRNA anticodon pairings in functional terms. Creatures often employ idiosyncratic system
and possess complex compensatory mechanisms to survive and react to diverse situations and
stresses. Given the intricate nature of those studies, achieving complete understanding may remain
elusive, underscoring the importance of presenting current knowledge concisely.

2. tRNA repertoires

Genome analyses have revealed variations in the number of tRNA genes and distinct tRNA
repertoires among individual organisms. The tRNA repertoire refers to the number of tRNA genes
defined by anticodons. For example, the Saccharomyces cerevisine genome has 275 tRNA genes,
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constituting a 41 tRNA repertoire with different anticodons, to decode 61 sense codons, except for
termination codons (GtRNAdb, http://gtrnadb.ucsc.edu) (SGD, https://www.yeastgenome.org)[4,6].
The number of tRNA genes varies substantially across organisms, ranging from fewer than 35 (e,g.,
Ureplasma urealyticum, and Borrelia. burgdorferi) to more than 3000 (e,g., Xenopus tropicalis, and Danio
rerio). The number of tRNA repertoire typically falls within 32 to 54. No organism has a 61 tRNA
repertoire corresponding to 61 sense codons, i.e., any of tRNA repertoire should decipher more than
one codon. Considering the different tRNA repertoires among organisms, we propose the concept of
“decoding tables” that describe the codon-anticodon pairings in each organism, comparatively
showing the features of codon-anticodon pairings among organisms (Figure 1). The heart of the
decoding table is wobble base-pairings [1], that is allowed non-Watson-Crick pairing between the 3rd
base of the mRNA codon and the 1+t base of the tRNA anticodon (position 34 of tRNA). Although
tRNAs are heavily modified[7-9], the tables include only major modifications at anticodons known
to change codon specificity. The wobble position inosine nucleoside (hypoxanthine as the base)
edited from adenine is essential in the decoding, having pairing ability with C-ending codons in
addition to U-ending codons [10], in eukaryotes. Lysidine and agmatidine modified from cytidine, in
bacteria and in archaea respectively, play a specific role in deciphering AUA codon as isoleucine,
distinguishing from AUG methionine codon and AUG initiation codon[11,12]. Eukaryotic
mitochondrial tRNAs are not included in this report.
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Figure 1. A-F. Organism-specific decoding tables. The decoding tables are depicted according to the
rules described in “basis of the decoding tables”. The total number of tRNA genes and tRNA
repertoire are shown below the species name. (i) Codon, (ii) amino acid (aa), (iii) tRNA anticodon,
and (iv) tDNA anticodon (tDNA) are shown within the boxes, in this order. “I” denotes the base
component of the inosine nucleoside, hypoxanthine, in the tables. In parentheses within (iv), the tRNA
gene numbers with the tDNA anticodon (not necessarily identical) are indicated. The anticodon
shows inferred tRNA anticodon residues corresponding to the codon. Only the anticodon editing and
modifications that change (or expand) codon pairing are included.

3. Basis of the decoding tables

The decoding tables for six organisms from three domains of life are depicted in Figure 1. The
rules implemented to depict the decoding tables are as follows:

1. A set of decoding information comprises (i) codons, (ii) amino acids, (iii) tRNA anticodons, and
(iv) tDNA anticodons, described in this order within the boxes. The number of corresponding
tRNA genes with the anticodon is shown in the parentheses within (iv). In short, (i) and (iii)
represent the codon-anticodon pairing.

2. tDNA anticodons (iv) are essentially derived from the tRNA genome database [4], and placed
by appropriate codon-anticodon pairings. When a codon (i) forms complete Watson-Crick base
pairs with a tDNA anticodon (iv) (either adenine (A)- thymine (T) or guanine (G)- cytosine (C)),
the tRNA anticodon (iii) is corresponding RNA anticodon to the tDNA anticodon.

3. When a codon does not make perfect match pairing with any of tDNA anticodons, potential
wobble-pairing is introduced into the 1% base of the anticodon (position 34 of tRNA) (iii) from
the tDNA anticodon (iv).

3-1) The anticodon 1+t G is assumed to pair with the codon 3+ U, in addition to 34 C (shown in
light blue in Figure 1), as G-U pairing in secondary structure is often observed in RNA
(shown in pale blue). [13-15]

3-2) The G-U pairing allows the anticodon 1%t U to pair with the codon 3 G, in addition to 3¢ A
(shown in light green).
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3-3) In some codon boxes (codons that share 1st and 2" bases), only one tRNA repertoire with
anticodon 1+t U is assigned. In these cases, superwobbling, which describes the anticodons
with 1st U can pair with any of codon 3 base, is implemented (shown in orange).
Superwobbling has been evidenced in some organisms [16,17].

3-4) Where the anticodon 1t G is not assigned but 1t A in codon boxes, inosine (I) is
implemented to pair with both the codon 3 C and 3 U (shown in pale pink). In special
cases of tRNAAr (ICG), the anticodon 1st I pairs with the codon 3t A in addition to 34 C and
U, and the type of pairing is called A-I wobble, as is observed in Escherichia coli and S.
cerevisiae (shown in pink) [18]. Intriguingly, the anticodon 1st inosine does not necessarily
pair with U, allowing the possibility of the precursor tRNA with anticodon 1st A to be
utilized. In this meaning, the extent of usage of the anticodon 1% inosine containing tRNAs
(i-tRNAs) is yet to be determined, though i-tRNAs are definitely necessary to decipher C-
ending codons in the boxes.

4. In prokaryotes and archaea, lysidine(k2) and agmatidine(agm) modifications of the anticodon
15t C of CAU are used to decipher AUA codon, respectively, according to previous reports. These
k2-CAU and amg-CAU are deciphered by tRNA® as isoleucine, distinguishing AUG codon for
methionine (shown yellow) [11,12].

5. Variant genetic codes should be considered for organisms in use [19,20], however, these
organisms are not included in Figure 1.

Following the scheme described above, a decoding table can be constructed for any organisms
using the genome tRNA database (or genome sequence data and a tRNA gene finding program), as
a concise summary. The decoding tables described in Figure 1 are illustrative models. The anticodon
defining procedure ensures no inconsistency with previous reports in relation to codon- anticodon
pairings. The accuracy of the decoding tables largely relies on tRNA genome database, i.e., the tRNA-
finding algorithm, which may not be entirely precise, especially in higher eukaryotes with complex
genome structures.

4. Comparative wobble pairing usage

The comparative decoding tables for the organisms, archaeal Haloarcula maristortui, bacterial
Bacillus subtilis and Escherichia coli, eukaryotic Saccharomyces cerevisiae, Schizosaccharomyces pombe, and
Homo sapiens, are depicted in Figure 1. Wobble usage is denoted by colour, revealing domain-specific
tendencies and additional organism-specificities. Inosine-containing i-tRNAs are one in E. coli, seven
in S. cerevisiae, eight in S. pombe, and seven in H. sapiens. The i-tRNAs are predominantly utilized in
eukaryotes [21,22]. The inosines in i-tRNAs are edited from adenines by the oxidative deamination
via the Tad2/Tad3 complexin S. cerevisine, ADAT2/ADAT3 in H. sapiens, and TadA in E. coli [10,23,24].
The inosine adapts a guanine-like structure for base pairing, and read as G in canonical nucleotide
sequencing [10,18]. The tRNAAB(ICG) pairs with U, C and A, that may be contributed tautomerism
in the decoding. The type of pairings is restricted to bacteria and a few yeasts, and is the only one i-
tRNA in bacteria. The other i-tRNAs are used only in eukaryotes.

Uracil plays a substantial role in wobble pairing, demonstrating the widest pairing capacity
[16,21]. In B subtilis, tRN AP~ and tRNAT™ with wobble position U correspond to four codons (shown
in pale orange), which are all utilized according to the codon usage of B. subtilis (Codon Usage
Database: https://www.kazusa.or.jp/codon). The type of 4-codon-decoding tRNAs are restricted to
the codon boxes in which amino acids are not defined by the codon’s 3+ base, and are observed in
certain bacteria. In the pairings, probably unmodified or lightly modified tRNA wobble U likely pairs
with any of four bases with varying levels of efficiency. On the other hand, anticodon 1+t U is variously
modified depending on tRNAs (modomics, https://iimcb.genesilico.pl/modomics)[8]. Examples of
such modifications for E. coli and S. cerevisiae are shown in Figures S1 and Figure S2. tRNA anticodon
modifications, other than inosine, that affect decoding appears to have been introduced to distinguish
codons, thereby increasing codon-anticodon specificity.

Although the decoding tables do not indicate decoding efficiency in the ribosome, they reveal
intriguing deviations in translation systems among species and the evolution of tRNA repertoires.
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The decoding tables may offer valuable insights into the significance of codon degeneracy, as the
codon usage in mRNAs and the repertoire of tRNAs directly impact the GC content (%) of organisms,
especially those with a small genome size. Based on the decoding tables, codon degeneracy appears
to be defined by the supplied aminoacyl-tRNA repertoires rather than wobble codon acceptability of
tRNAs, suggesting a presumed co-evolution. Furthermore, the decoding tables may provide
important information for heterologous expression in genetic engineering.

5. Around initiation and termination codons

Two distinct features in the decoding tables exist around AUG codon, and around UGA stop
codon. The AUG codon and UGA stop codons must have been needed to establish orthogonality to
be used as initiation and stop codon, respectively. To distinguish AUA codon from AUG codon,
archaea and bacteria appear to have established different tRNA anticodon 1t C modifications, namely
agmatidine and lysidine (depicted in Figure 1A for H. marismortui, Figure 1B for B. subtilis, and Figure
1C for E. coli). In contrast, eukaryotes somehow established specific tRNA(UAU) to read only AUA
codon. In S. cerevisiae, two anticodon uracyl bases of tRNA(UAU) are modified to pseudouridines to
be distinguished (Figure S2). The lysidine and agmatidine modifications are introduced into the
pyrimidine-ring-C2 of position 34C base, conversely, most of modifications of position 34U base are
introduced into the pyrimidine-ring-C5. These modifications are positioned in structurally opposite
directions [25].

As for UGA stop codon, most of organisms have established orthogonality with a specific
tRNATP(CCA) to decipher UGG codon exclusively. However, the A-I wobble observed in certain
bacteria and yeasts to decipher CGA codon might be a remnant of the evolutionary process of
distinguishing UGA codon. Bacteria utilize two peptide release factors, RF1 for UAA and UAG stop
codons and RF2 for UAA and UGA stop codons [26]. In eukaryotes, omnipotent eRF1 deciphers all
three stop codons including UGA codon, which established orthogonality with UGG. Instead, CGA
codon, which is one base difference with UGA at non-wobble position, is deciphered by eRF1/eRF3
complex in misdecoding level to release polypeptide under specific conditions [27]. It is of interesting
to investigate whether the A-I wobble is strategically employed in relation to translation termination.
The introduction of initiation codon and stop codons into the genetic code must have been a complex
process.

6. Evaluation of the decoding tables

The decoding tables show the most suitable codon-anticodon pairings deduced from the
databases and experimental reports. While reports describe the overlapping of decoding codons, the
decoding tables do not consider multiple tRNA anticodons for a codon. It should be reminded in
relation to stop codons, such as variant genetic code, and fidelity of the decoding of sense and stop
codons. While the concise decoding tables provide a clear overview, detailed information on the
extent of these effects is challenging to ascertain. Reconstitution experiments in vitro face difficulties
in setting up conditions, and in vivo experiments often trigger compensatory reactions, even though
they surely demonstrate aspects of the decoding of genetic codes. The decoding tables effectively
illustrate codon-anticodon pairings, particularly highlighting tRNA repertoires, given their
foundation on a compilation of reports.

From the perspective of aminoacylation, typically only one aminoacyl-tRNA synthetase (aa-RS)
is responsible for adding each amino acid to the corresponding tRNA [28,29]. Evaluating the
decoding tables in the context of aminoacylation is crucial. Each aa-RS recognizes specific elements
in its substrate tRNAs, known as identity elements [29,30]. Among the anticodons, positions 35 and
36 bases (2" and 3t bases of anticodons) are included in identity elements of not a few of aminoacyl-
tRNAs. Additionally, position 34G is included in the identity elements of some tRNAs, such as
tRNASs tRNATyr, confirming the anticodon 15t G containing tRNAs are the substrates of the aa-RSs.
On the contrary, A or I at tRNA position 34 are not included in identity elements. This raises an
important question regarding whether position 34A, the precursor of position 34, is used for
decoding or not. It should be clarified at a general level. Answers might have been within reported
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data hidden to be analyzed to a certain level. Some reports indicate position 34 I/A are involved in
some regulation [31,32], but not intensively studied.

The recognition of tRNAT(k2-CAU) and tRNA(agm-CAU) by isoleucyl-tRNA synthetases is
rather exceptional, and reported that modified position 34 bases are included in the identity elements
of their synthetases [29]. Thus, for these tRNAs, the indicated modifications are prerequisites for
aminoacylation. It is an interesting contrast that the position 341 and 34A are not included in identity
elements.

The decoding tables apply to organisms without major discrepancies. They shed light on codon-
tRNA anticodon pairings in the ribosome which might be unconsciously overlooked under uniform
translation system from genes to proteins. The decoding tables contribute to our understanding of
tRNA repertoires and the decoding in translation in organisms, and evolution of translation systems.
It is of interesting to consider the evolution of translation machinery that decipher genetic codes,
essential to all organisms. The intricacies of decoding of the codons in the ribosome including related
factors biogenesis, is what a contrast with resulting decoding products observed as polypeptides.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org; Figure S1 and S2.
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Abbreviation

i-tRNA: position 34 inosine containing tRNA
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