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most salient insights are that: (1) inosine at position 34 (the first position in the anticodon) is not universally
present in the tree of life; (2) in many bacteria just a single homodimeric enzyme (TadA) is responsible for
both tRNA inosine modification and mRNA inosine modification; (3) rapid progress is currently being made
both in the molecular understanding of the heterodimeric ADAT2/ADAT3 enzyme responsible for inosine
modifications in eukaryotes and in experimental capabilities for monitoring both the cytoplasmic tRNA pool
and their modifications; (4) for selected tRNAs, inosine modification at position 37 has been demonstrated
but this modification remains under-studied; (5) modification of tRNAs known to contain inosine can be
incomplete; (6) the GC content of the T-stem is of great importance for wobble behavior, including wob-
bling behavior of inosine; and (7) the tRNA inosine modification is of direct relevance to human disease.
In summary, research on inosine continues to yield important novel insights.
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Abstract 

Ever since the legendary publication by Francis Crick in JMB introducing the wobble hypothesis in 1966, 
inosine has been a permanent part of molecular biology. This review aims to integrate the rich array of 
novel insights emerging from subsequent research on the adenine-to-inosine modification of tRNA, with 
an emphasis on the results obtained during the last 5 years. Both the grand panorama of 4 billion years 
of evolution of life and the medical implications of defects in inosine modification will be reviewed. The 

mons.org/licenses/by/4.0/). 
While inosine (I) was discovered at the very start 
of the field of tRNA biology, it remains one of the 
most interesting tRNA modifications. Contrary to 
many other tRNA modifications, the inosine 
modification does not involve the addition of a new 
side-group to the nucleotide; instead, a side-group 
is taken away during the A-to-I modification 
(Figure 1). The mechanism of A deamination 
involves an oxygen atom from water taking the 
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place of the amino-group of A. This oxygen atom 
is connected to the ring-system via a double bond; 
it is a keto-group. Often, the process of modifying 
A to I is called “editing” because, contrary to other 
modifications, I is seen as one of the main 
nucleotides in addition to U, C, A and G. 

stem and a loop: the D-arm, the anticodon-arm 
and the T-arm (often still called “TWC-arm”). The 

Because inosine is only known from three 
positions in the tRNA molecule, the classic 
cloverleaf representation of tRNA structure 
(Figure 2) suffices for the purpose of this review. 
In this representation, a tRNA molecule has an 
acceptor-stem and three arms consisting of a
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Figure 1. Hydrolytic deamination of Adenosine to Inosine. The amino group important for Watson-Crick pairing is 
removed, with a keto-group appearing instead. Please note that a double bond in the ring-system is removed during 
the process. 

Figure 2. Essential tRNA structure (cloverleaf depiction) highlighting relevant features. Important Aspects of the 
tRNA structure. The three red arrows indicate the three positions in the tRNA structure for which presence of inosine 
is known: 34, 37 and 57. The two blue arrows indicate important boxed sub-sequences in tRNAs: the anticodon 
(positions 34–35–36) and the T-W-C sequence (positions 54–55–56). Note that some tRNA sequences (e.g. the 
depicted one) are shorter than 76 nucleotides and Sprinzl numbering is not consecutive in such cases. In the depicted 
tRNA positions 17 and 46 are absent. Black arrows indicate important conserved parts of tRNA molecules. 
locations where the inosine modification is found in 
tRNA are the anticodon-arm and the T-arm, and 
more specifically: the anticodon-loop and the T-
loop. In the below manuscript we will follow 
notations and nomenclature for tRNAs that are 
widely used in the field. For example, a tRNA that 
transfers serine will be denoted as tRNASer . For 
most amino acids, several tRNA genes are 
present which may or may not differ in sequence. 
When two tRNA molecules for the same amino 
acid differ in anticodon sequence, these two tRNA 
molecules are isoacceptors of each other. 
The inosine modification can occur both in type I 

and type II tRNAs. The distinction of tRNA
2

molecules in these two types goes back all the 
way to 1976, when Brennan and Sundaralingam 
wrote: “For simplicity, we have categorized them 
into two classes depending on the size of the 
variable loop alone. tRNAs having a short variable 
loop of 4 or 5 nucleotide residues are classified as 
type I, and those having a long variable loop, with 
a double helical stem of 3 to 7 base pairs and a 
loop of 3 to 5 residues, as type II”  [1]. Below we refer 
to this region of tRNA molecules as the variable 
region instead of variable loop because it can exist 
both as a short loop or as an extra arm. Type II 
tRNAs are mainly all tRNASer molecules, the most 
tRNALeu molecules (see [2] for tRNALeu molecules
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which are Type I tRNAs, more of such tRNALeu 

molecules can be found in e.g. cyanobacteria as 
can be seen in GtRNAdb [3,4]), and in bacteria all 
tRNATyr molecules. In Type II tRNAs the variable 
region (which is located between the anticodon-
arm and the T-arm) takes the form of an extra 
arm. The extra arm is relevant for the present paper 
because tRNASer molecules and tRNALeu mole-
cules belong to the group of tRNAs in which modifi-
cation of A34 to I34 is found in eukaryotes (see [5] 
and references therein). The Type I tRNAs (which 
have a short loop instead of this extra arm) in which 
modification of A34 to I34 is found, are tRNA

Ile , 
tRNAVal , tRNAPro ,  tRNAThr , tRNAAla and tRNAArg 

(see [5] and references therein).
The natively folded tRNA molecule has the form 

of a letter “L”, with the CCA-terminus to which the 
amino acid is attached at one of the two 
extremities and the anticodon at the other 
extremity. The region in the middle (in the “elbow” 
of the letter “L”) is referred to as the core of the 
tRNA. In this region, the D-loop and the T-loop 
touch each other, and interactions between 
nucleotides in the D-loop and nucleotides in the T-
loop are important for the stability of the tRNA. 
Often, a contrast is made between modifications 
at nucleotides in the anticodon-arm and 
modifications at nucleotides in the rest of the 
tRNA; these modifications in the rest of the tRNA 
are then referred to as “core modifications”. 
Modifications at nucleotides in the acceptor-stem 
would thus be called “core modifications”, but this 
potentially problematic use of the term “core 
modifications” is in practice not an issue because 
there are only very few modifications found at 
nucleotides in the acceptor-stem. 
In an initially unsettling finding it was discovered 

that “the majority of tRNA modifying enzymes 
have been found to be nonessential for cells 
grown in ideal laboratory conditions”, as 
mentioned in [6]. Subsequent work showed that 
under stress conditions, the tRNA modification 
knock-out cell lines showed clear phenotypes ([7] 
and references therein for examples). Despite that 
fact, the observation that mutants lacking tRNA 
modifications are viable could shed some doubt 
on the importance of these modifications. Two con-
siderations dispel such doubts. First, many tRNA 
modifications have been shown to persist in major 
taxonomic lineages over very long periods of evolu-
tionary time. Secondly, ideal laboratory conditions 
in general are not a good proxy for the evolutionary 
pressures that organisms experience in nature. 
Saleh and Farabaugh [8] make a convincing case 
that modifications in the core of the tRNA molecule 
modulate translational misreading errors. Under 
ideal laboratory conditions, the organisms tolerate 
non-ideal functioning of the translational apparatus. 
However, when organisms are subjected to natural 
selection in the wild, tRNA modifications become 
3

essential for maintaining translation at a level that 
ensures competitive survival. 
Of great interest here is the finding that the 

nonessentiality (in laboratory settings) of some 
tRNA modification enzymes does not extend to 
the A-to-I editing enzymes for position 34 of tRNA. 
Organisms containing this A34-to-I34 editing are 
always found to be unable to survive without it. In 
this light, it is very interesting to note that heat 
maps of lost genetic information in certain cancer 
cell lines [9] suggest that these cells in fact do sur-
vive without an essential part of the A-to-I editing 
complex (see below). 
Compared with U, C and G, what stands out 

about A is the very sparse use of A as a first 
nucleotide of an anticodon (except for the use in 
fourfold-degenerate codon boxes in eukaryotes 
where the A is modified to I). In most cases when 
the gene of a tRNA with an A-starting anticodon is 
present, this A is modified to I in the mature tRNA 
(not only in eukaryotes but also for the ACG 
anticodon in many bacteria). Why the presence of 
unmodified A as the first nucleotide of an 
anticodon is so extremely rare is one of the great 
unsolved mysteries in evolutionary biochemistry. 
Misreading of codons in the codon box other than 
the U-ending codon is known already for a long 
time (see e.g. [10–12]). Referring to [13], the state-
ment “Unmodified A can decode all four synony-
mous codons of a family box”  is  made  in  the
landmark article [5], but this statement of general 
“superwobble” (see also the section on wobble) 
for unmodified A is likely to be too simplistic. Wobble 
by unmodified A is a complex subject, and a thor-
ough analysis of this topic is beyond the scope of 
this review. 
The logical flow of this review is as follows. We 

start with an overview of the AUN codon box in 
which inosine plays a supporting role, and an 
overview of the presence of inosine in the tree of 
life. Next, the presence of inosine in archaea and 
bacteria is reviewed. This is followed by a 
discussion of the presence of inosine in 
eukaryotes at position 34 and position 37. Then 
follow two sections on specialized topics: 
incomplete deamination of tRNAs with A-starting 
anticodons, and the wobbling behavior of inosine. 
These are followed by an overview of the disease 
relevance of the inosine modification, and a 
concluding section on perspectives and future 
directions. 

The AUN codon box of the genetic 
code 

The pattern of occurrence of the inosine 
modification is complex with respect to taxonomic 
distribution and regarding the codon boxes in 
which it occurs. It is found in 8 different codon 
boxes: in 7 of the 8 fourfold-degenerate codon
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boxes (the Glycine codon box is the exception), and 
in the AUN codon box. In view of the complexities 
involved in the readout of the AUN codon box and 
the involvement of the inosine anticodon 
modification in this codon box, we review it here. 
The Genetic Code consists of 16 codon boxes in 

which the first and the second position of the codon 
are shared. The four codons in such a codon box 
differ only in the third codon position. An example 
of a codon box is the UUN codon box in the top 
left-hand side of the genetic code table, where 
Phe and Leu are the amino acids encoded by the 
codons. In the Standard Genetic Code the codons 
UUU and UUC are coding for Phe and are read by 
a tRNA with a G-starting anticodon, while the 
codons UUA and UUG are coding for Leu and are 
read by two tRNAs: one with a U-starting 
anticodon and one with a C-starting anticodon. 
Thus, readout of the UUN codon box in general is 
performed by three different tRNAs with three 
different anticodons. In exceptional cases the 
tRNA with the C-starting anticodon is absent. 
Examples of such absent tRNAs with C-starting 
anticodons, e.g. in Methanococcus vannielii SB 
(GCA_000017165.1), can be readily found in 
GtRNAdb, a database with tRNA sequences for 
hundreds of genomes covering all cellular life [3,4]. 
Decoding of a codon box with three kinds of 

tRNAs is the rule. The first base of the anticodon 
of the three tRNAs involved varies depending on 
the codon box and on the taxonomic group being 
studied. In many eukaryotes, in 7 of the 8 fourfold-
degenerate codon boxes the three kinds of tRNAs 
are one with an A-starting anticodon, one with a 
U-starting anticodon and one with a C-starting 
anticodon. The A in these cases is modified to I. 
Above, we have seen the example of a split codon 
box where the three tRNAs are one with a G-
starting anticodon, one with a U-starting anticodon 
and one with a C-starting anticodon. Thirteen of 
the sixteen codon boxes in the Standard Genetic 
Code follow the pattern of three tRNAs with three 
different anticodons decoding the codon box; 
there are three codon boxes in the Standard 
Genetic Code which do not follow this pattern. In 
[5], these three codon boxes are referred to as 
“Special Decoding Boxes”. Two of them do not 
show the general pattern due to the presence of 
stop codons: the UAN codon box and the UGN 
codon box. In the Standard Genetic Code, only a 
single tRNA is present in the UAN codon box: the 
tRNA with anticodon GUA which is reading the 
codons UAU and UAC as Tyr. The codons UAA 
and UAG are both stop codons. For the UGN codon 
box, two tRNAs are present in the Standard Genetic 
Code: the tRNA with anticodon GCA which is read-
ing the codons UGU and UGC as Cys, and the 
tRNA with anticodon CCA which is reading the 
codon UGG as Trp. The codon UGA is a stop 
codon. 
4

The last codon box of the Standard Genetic Code 
involves the highest degree of complexity. This is 
the AUN codon box, which is shared between Ile 
and Met. In bacteria this codon box is decoded by 
four kinds of tRNAs. The tRNA with a G-starting 
anticodon decodes the AUU and AUC codons as 
Ile. In addition to this tRNA, three tRNAs with a C-
starting anticodon are found. These three C-
starting anticodons are a source of considerable 
confusion in literature, particularly when these are 
incorrectly treated as one category of tRNA 
sharing the same decoding behavior. The first 
issue is that all organisms contain two functionally 
distinct tRNAs that transfer methionine: one for 
inserting Met during the elongation process of 
mRNA translation, and the other reading the start 
codon during the initiation of translation. Thus, 
there are two tRNAs for Met with a CAU anticodon 
which are emphatically not the same kind of 
tRNA. The word “isoacceptor” is misleading in this 
case, as the initiator tRNA is the most divergent of 
the canonical tRNAs because it is the only one not 
interacting with an elongation factor but with an 
initiation factor. A special aspect of bacteria is that 
the methionine on the initiator-tRNA is formylated 
to formylmethionine. This is not the case in 
archaea and eukaryotes. On top of this complex 
situation of two different tRNAs with anticodon 
CAU acylated with Met, a third tRNA with 
anticodon CAU is present. This tRNA is not 
transferring Met but Ile. It is the tRNA reading the 
codon AUA. The unusual readout properties of 
this tRNA to recognize the AUA codon but not the 
AUG codon are caused by a modification of the C 
in the CAU anticodon. The resulting special 
nucleotide is called lysidine because the C is 
modified with a lysine amino acid. The nucleotide 
resulting from this noteworthy use of an amino 
acid to modify a nucleotide in the anticodon of a 
tRNA is usually referred to as L. Interestingly, as 
long as the modification has not been added, the 
methionyl-tRNA synthetase (MetRS) of the 
bacterial cell recognizes this tRNA as a substrate 
[14] and acylates it with Met. Only when the CAU 
has become a LAU, the tRNA has turned into a real 
tRNAIle . When analyzing tRNA sets in an organism 
it therefore is of great importance to distinguish 
between the three functionally quite distinct tRNAs 
that share the CAU anticodon. 
In archaea, we find basically the same situation, 

with four tRNAs for the AUN codon box: one with 
a G-starting anticodon, and three with a C-starting 
anticodon. An important difference between 
archaea and bacteria is that the modification for 
the tRNAIle 

CAU is not with lysine but with agmatine 
[15]. Because this small molecule does not contain 
an acid group, it is not an amino acid. The modified 
nucleotide is called agmatidine. The enzyme modify-
ing the C in the first position of the anticodon with 
agmatine is an entirely different enzyme compared



Peter T.S. van der Gulik and W.D. Hoff Journal of Molecular Biology 437 (2025) 169187

 
s

to the bacterial enzyme modifying the C with lysine 
[16]. This situation points to convergent evolution to 
accurately read AUA as Ile in archaea and bacteria 
[17]. 
Recently a specialized group of bacteria was 

discovered which further developed the 
modification for tRNAIle 

CAU [18]. Here, the modification 
is not with lysine, but with aminovaleramide. This 
tRNAIle 

CAU modification is also found in chloroplasts 
and in plant mitochondria [18]. Indications have been 
found that the aminovaleramide modification has 
“better steric complementarity to the cleft between 
rRNA and mRNA than the L side chain”  [18]. Lysidine 
is a step on the way to aminovaleramide [18] and 
therefore what we encounter here is, in our opinion, 
not convergent evolution but a further elaboration of 
the lysidine system. 
In animal mitochondria, the situation of the AUN 

codon box is very different. AUA is not decoded 
as Ile but as Met. One tRNAIle is present, with an 
anticodon GAU, and one tRNAMet is present, with 
an anticodon CAU, which is modified to 5-
formylcytosine (f5C). This last tRNA functions both 
as initiator and Met-elongator, and is able to read 
both AUA and AUG (see [19] and references 
therein). Please note that this situation with a single 
tRNAMet functioning both in initiation and elongation 
is something which is unique for the mitochondrial 
system and is unknown in the cytosolic system of 
all organisms. 
When turning away from the mitochondrial 

tRNAs, and focusing on the tRNAs decoding the 
AUN codon box in eukaryotes, four tRNAs are 
present: tRNAIle 

AAU, tRNA
Ile 
UAU, the initiator tRNA

Met 

CAU, and the elongator tRNAMet 
CAU. The AAU 

anticodon is modified to IAU, and the UAU 
anticodon is double modified to WAW.  As  i
discussed in the section on wobble behavior of 
inosine below, the IAU does not efficiently read the 
codon AUA. The tRNA with the WAW anticodon is 
responsible for reading AUA. Key takeaways are 
that Ile and Met are distinguished and correctly 
transferred, and lysidine, agmatidine, 
aminovaleramide and the WAW anticodon were 
evolved to accomplish this task in different 
systems. In animal mitochondria a different solution 
was developed with AUA no longer meaning Ile. 
The very small genome size of animal 
mitochondrial DNA probably allowed for an 
evolutionary pathway for changing the meaning of 
the AUA codon [20]. 
Interestingly, there exist archaea which have a 

different solution for reading the codon AUA. In 
GtRNAdb [3,4] the presence of a tRNAIle 

UAU instead 
of a tRNAIle 

CAU can be seen, in the unusual archaeon 
Nanoarchaeum equitans. There are no indications 
that this organism uses the double modification to 
WAW. How N. equitans manages to not read the 
AUG codon with its supposedly unmodified UAU 
anticodon is a clear subject for future study. In any 
case, many different solutions for reading the codon 
5

AUA as Ile exist in nature, and inosine is not exactly 
one of them, as the WAW anticodon of eukaryotes is 
more important for this biochemical task. Even 
though slightly beyond the primary scope of this 
review, the focus on the AUN codon box in this sec-
tion provides a comprehensive perspective on how 
complex decoding can be, how nature can find many 
different ways to solve the same problem, and how 
the traditional view of inosine recognizing three 
codons can obscure the role of inosine as it can be 
mistaken to be crucial in distinguishing between 
codon AUA and codon AUG. 
One final twist to the complex situation of the AUN 

codon box is that despite the general absence of a 
tRNA with a G-starting anticodon when a tRNA with 
an I-starting anticodon is present, there is at least 
one exception to this rule. In human beings 
several copies of tRNAIle 

GAU are present in the 
genome in addition to tRNAIle 

AAU genes and 
tRNAIle 

UAU genes, as can be seen in GtRNAdb [3,4]. 
An obvious research question is in what circum-
stances these tRNAIle 

GAU genes are expressed, and 
what purpose they serve. 

The discovery of major deviations from 
the so-called universality of inosine 

When tRNA was first sequenced in 1965, the 
particular species which was selected (a 
Saccharomyces cerevisiae tRNAAla isoacceptor) 
happened to be one with inosine at position 34 in 
the anticodon [21]. The result of this happenstance 
was that the presence of inosine in the anticodon 
was firmly imposed in the collective memory of the 
molecular biology community. Crick consolidated 
this piece of knowledge in his famous Journal of 
Molecular Biology article introducing the Wobble 
Rules [22]. This paper described the wobble behav-
ior of G in position 34 (recognizing in addition to the 
cognate C-ending codon also the U-ending codon) 
and that of U in position 34 (recognizing in addition 
to the cognate A-ending codon also the G-ending 
codon). In addition, it included the wobble behavior 
of I in position 34 (“recognizing the U-, C-, and A-
ending codons”). This information on wobble 
behavior became textbook knowledge. The impres-
sion was laid down that inosine is a universal aspect 
of living cells, and resulted in descriptions such as 
“In all domains of life, A34 of the tRNA transcript 
is almost always deaminated to form inosine at 
the wobble position (I34)” (from [23]). It was only 
later [24] (compared to the times of [21;22]) that 
the insight emerged that I34 is not present in one 
of the three domains of life: the Archaea (still called 
“Archaebacteria” in [24]). Experimental work 
demonstrating that in organisms as diverse as the 
bacterium Escherichia coli, the baker’s yeast S. 
cerevisiae, and the human being, the A-to-I editing 
proteins are essential for cell viability reinforced 
the incorrect idea of universality of inosine: “ I34 
is a tRNA modification crucial for deciphering the
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genetic code”  [25]. The modification is essential in 
these organisms (E. coli, S. cerevisiae, animals) 
but not in all organisms. Later, multiple large taxo-
nomic lineages in the domain Bacteria [26]  were
found to be devoid of A-to-I editing at position 34 
of tRNA. Thus it has been amply demonstrated that 
A-to-I editing at position 34 of tRNA is not needed 
for viability in general. An important aim of this 
review is to shed light on the distribution of inosine 
modifications across different domains of life and 
their functional implications. Inosine modification 
at anticodon position 34 is not universally present 
in all three domains of life (see above), and it has 
been suggeste d [27,28] that the most important 
functional implication of the inosine modification is 
improving translational efficiency. 
These updated insights into the taxonomic 

distribution of A-to-I editing at tRNA position 34 
can be combined with current insights into the 
evolution of the major branches in the tree of life 
[29–33]. A consistent interpretation is that the A-
to-I modification at position 34 is a characteristic 
that was developed somewhere on the way 
between the Last Universal Common Ancestor 
(LUCA) and the Last Bacterial Common Ancestor 
(LBCA), (as indicated in Figure 3). An important 
takeaway from this perspective is that LUCA likely 
did not contain the A-to-I modification at position 
Figure 3. A highly schematized history of life. The red arr
anticodon ICG between the LUCA (Last Universal Common
Bacterial Common Ancestor; which did have ICG). LACA de
arrow indicates the emergence of I34 divergence between th
the LECA (Last Eukaryotic Common Ancestor). Please no
descendants are shown. All the indicated ancestors must ha
extinct: these are not depicted for the sake of clarity. 

6

34. Although this concept is not present in existing 
literature, the taxonomic distribution mentioned 
above implies this emerging understanding. 
This placement of the evolutionary origin of 

inosine now allows its comparison with the origin 
of other key modifications, particularly 
pseudouridine, thiouridine and different 
methylations (namely of purine rings, pyrimidine 
rings and ribose sugars in tRNA). Interestingly, 
these latter tRNA modifications are universally 
present, indicating that they are much more 
ancient and most likely already present in LUCA. 
This insight is of prime importance for research on 
the origin of the genetic code because it implies 
that the wobble behavior of inosine did not 
contribute to the early stages of evolution. 
Inosine in archaea 

Strictly speaking, there is no inosine in archaeal 
tRNA. In this respect, care should be taken when 
considering the modification of A57.  The  A57 

nucleotide in the T-loop is first methylated, and 
only afterwards this nucleoside is modified to m1 I 
(see [34]). Inosine without methylation is therefore 
not a constituent of archaeal tRNA. The nucleoside 
at position 57 in archaea contributes to the stabiliza-
ow indicates the emergence of A34-to-I34 editing in the 
 Ancestor; which did not have ICG) and the LCBA (Last 
notes the Last Archaeal Common Ancestor. The brown 
e merger at the basis of eukaryogenesis (yellow dot) and 
te that only branches of the Tree of Life with surviving 
ve had many contemporaries with all descendants going 
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tion of the elbow of the three-dimensional structure 
of the tRNA, as explained in detail in [35]. The 
enzyme responsible for the m1 A  to  m1 I conversion 
has not yet been identified. This points to the fact 
that it probably is a totally unrelated enzyme in com-
parison to the well-known family of enzymes that is 
responsible for the A34 to I34 conversion in bacteria 
and eukaryotes. In other words: when speaking 
about “inosine” in archaea, we are referring to a dif-
ferent modification (methylinosine), executed by a 
different enzyme, in a different part of tRNA and 
with a different function. The m1 I nucleoside in the 
T-loop of archaea is entirely distinct from the I nucle-
osides in the anticodon-loop of bacteria and 
eukar yotes. 

Inosine in bacteria 

In bacteria, inosine is found at positon 34 of the 
anticodon in one of the tRNAArg isoacceptors. 
However, this is not the case in all bacteria. There 
are large taxonomic groups in the bacteria (i.e. 
Spirochaetes, Chloroflexi and Thermotogae) 
which do not contain the inosine modification in 
tRNA at all [26]. As Diwan and Agashe [26] convinc-
ingly argue, the modification enzyme which 
changes the ACG anticodon to an ICG anticodon 
was most probably present in the LBCA, and the 
large taxonomic groups in the bacteria which do 
not have inosine have lost this property somewhere 
on the way from the LBCA to their own common 
ancestor. Bacteria lacking the I anticodon modifica-
tion can be readily found using the information avail-
able in GtRNAdb [3,4]. Apart from the well-known 
high-level taxonomic groups missing inosine men-
tioned above (i.e. Spirochaetes, Chloroflexi and 
Thermotogae), a quick inspection of the GtRNAdb 
pages (in October 2024) yielded a number of addi-
tional high-level taxonomic bacterial groups missing 
inosine. In the names listed on GtRNAdb, these are: 
Armatimonadetes, C. Saccharibacteria, Elusimicro-
bia, Thermobaculum, C. division NC10, C. division 
SR1 and C. division WWE3. 
Iyer and co-workers [36] have placed the bacterial 

A-to-I modification enzyme in a broader context of 
evolution of enzymes with “the deaminase fold”. In 
the view that these scientists present, the ancestral 
deaminase domain was a C-to-U modification 
enzyme involved in nucleotide metabolism. The 
protein had single nucleotides as substrate, not 
RNA sequences. Having arisen early in bacterial 
evolution, the phylogenetic tree of enzymes with 
the deaminase fold then split in two large branches. 
One of these branches diverged into three sub-
branches, and one of these is the branch of A-to-I 
modification enzymes (but also see the Discussion 
in [37]). Seminal work resulted in the discovery of 
the enzymes performing the A-to-I modification: 
the discovery of Tad1, the I37 producing enzyme 
in eukaryotes [38] and the discovery of ADAT2 
and ADAT3 which form the I34-producing complex 
7

in eukaryotes [39]; the series of articles started with 
a milestone article in Journal of Molecular Biology 
which pointed the way forward [40]. As the last of 
the series of discoveries of A-to-I editing enzymes, 
the bacterial A-to-I modification enzyme, TadA, 
was discovered around the turn of the century 
[41]. Of note, the close relationship between A-to-I 
editing and C-to-U editing brought forward by Iyer 
and colleagues [36] also shines through with the 
dual activity of ADAT2/ADAT3 of Trypanosoma par-
asites in performing C32-to-U32 editing in addition to 
A34-to-I34 editing [42]. C-to-U editing has also been 
demonstrated for CDAT8, an enzyme of the 
archaeon Methanopyrus kandleri, which performs 
C8-to-U8 editing and belongs to the ADAT family 
according to phylogenetic analysis ([43] and refer-
ences therein). The isolated occurrence of this 
enzyme in the archaea suggests horizontal gene 
transfer from eukaryotes to Methanopyrus kandleri, 
followed by acquiring a different function. 
Genomics research has shown that some A-

starting anticodons other than arginine are rarely 
but consistently present in certain groups of 
bacteria. Recently, thorough investigation into one 
of these non-arginine A-starting anticodons in a 
bacterial species was reported [44]. This work has 
demonstrated that TadA in the Firmicute species 
Streptococcus pyogenes performs A-to-I modifica-
tion not only on position 34 of tRNAArg 

ACG but also 
on position 34 of tRNALeu 

AAG. As mentioned in the intro-
duction, tRNALeu differs from tRNAArg in having an 
extra stem instead of a short variable loop. However, 
this is not what is recognized by TadA. The 
anticodon-loop of the tRNA, which is the part of the 
molecule screened by TadA, is nearly identical for 
the two tRNAs studied in S. pyogenes, providing an 
explanation for the observed modifications. In addi-
tion to the expanded number of tRNA substrates (a 
limited expansion, from one to two), the TadA of this 
bacterium also acts on mRNAs, on stretches with a 
nucleotide sequence that is very similar to the 
anticodon-loops of S. pyogenes tRNAArg 

ACG and tRNA
Le-

AAG. This leads to differences in the proteins being 
produced compared to the situation when the 
mRNAs were not changed by TadA, because the I 
in the mRNA is read by the ribosome as a G instead 
of an A (leading to changes in the protein product 
such as having a Glu at a certain position instead 
of a Lys). These changes in mRNA by TadA are 
not limited to Firmicutes: they are also known from 
Proteobacteria ([45] and references therein). Being 
present in both Firmicutes and Proteobacteria, dual 
duty of TadA on both tRNA and mRNA probably is 
a general bacterial characteristic (please nota bene: 
for those clades which do not have lost TadA). It is 
important to realize that the conclusion “because 
the I in the mRNA is read by the ribosome as a G” 
is a simplification of the actual molecular biology in 
the bacterial cytosol [46]. In fact, the I is read as a 
G in most instances, but occasionally is read as an 
A, and sometimes even as a U. This more accurate
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description of the situation was reported by Licht and 
co-workers [46]. Furthermore, the details differ for 
different codons, and in different contexts of codons. 
Also the amount of protein being produced changes, 
because of ribosomal stalling followed by release 
and subsequent breakdown of a truncated protein. 
We will also encounter the need to step back from 
simplification and bring nuance to our view in the sec-
tion on wobble rules below. 
In another Firmicute bacterium, Oenococcus 

oeni, in addition to the anticodons ACG and AAG 
two more A-starting anticodons are present (AGA 
and AGU), but these are not modified to I-starting 
anticodons [47]. In summary, until now, I34 in bacte-
ria is only known from tRNAArg 

ACG (abundant) and 
tRNALeu 

AAG (very rare). 

Inosine at position 34 in eukaryotes 

In eukaryotes, inosine is found in the anticodon-
loop at position 34 (at least some tRNAs always 
have I at this position in eukaryotes), and at 
position 37 (below a separate section is devoted 
to I37). In most eukaryotic lineages, tRNAs with 
eight different anticodons are modified to contain 
I34 [48,49,5]. The modification of A34 to I34 is done 
in eukaryotes by a heterodimeric complex [39]. This 
is in contrast to the homodimeric structure of this 
enzyme in bacteria. Guy and Phizicky [50]  have
suggested that the ability of the complex to modify 
eight different tRNA species is dependent on the 
heterodimeric character of the complex. In this pro-
posal, the homodimeric complex consisting of two 
TadA protein molecules known from bacteria would 
not be able to expand its repertoire extensively. This 
concept is further elaborated by Dixit et al. [51], 
while Roura Frigole and co-workers have focused 
on specific details of the substrate-recognition pro-
cess [52]. Recent cryo-EM work beautifully illus-
trates the subtleties of the interaction between 
tRNA substrates and ADAT2/ADAT3 [53]. Please 
note that S. cerevisiae does not have the tRNA with 
anticodon AAG. In our opinion, this should be seen 
as secondary simplification of an organism with a 
reduced genome, which points to the limits of the 
utility of baker’s yeast as a model organism. 
The Standard Genetic Code has a very special, 

regular structure (see [54] and references therein). 
Eight of the 16 codon boxes contain four codons 
specifying the same amino acid; these are called 
fourfold-degenerate codon boxes. The distribution 
of the eight fourfold-degenerate codon boxes is 
not random [54]. The A-starting anticodons which 
are modified to I-starting anticodons in eukaryotes 
are in 7 of the 8 cases found in these fourfold-
degenerate codon boxes. The exception (i.e. the 
single fourfold-degenerate codon box where the I-
starting anticodon is never found) is the Gly codon 
box (i.e. the GGN codons). This codon box is thus 
not part of the expansion repertoire of the heterodi-
meric complex. This observation can be understood 
8

based on the particular sequence characteristics of 
the C35C36 anticodon-loop of tRNA

Gly , as shown in 
[55]. Contrary to the GGN codon box for Gly, the 
AUN split codon box shared by Ile and Met is part 
of the expansion repertoire. The evolution from a 
homodimeric complex as known in bacteria to a het-
erodimeric complex as known in eukaryotes (known 
as Tad2/Tad3 mainly in S. cerevisiae and as 
ADAT2/ADAT3 mainly in mammals) proceeded 
via the way of duplication, diversification and neo-
functionalization of the single gene encoding the 
component from which a bacterial homodimeric 
complex is made. The enzymes performing the A-
to-I modification outside the mitochondria in eukary-
otic cells likely evolved from the bacterial partner in 
the eukaryogenesis process, specifically the mito-
chondrion. Gene duplication, which enabled the 
expansion of protein-coding genes in eukaryotes, 
is a key feature of eukaryotic evolution. This expan-
sion is facilitated by the capacity of eukaryotes to 
support larger genomes, which might have led to 
neofunctionalization of many genes. Enhanced 
DNA repair mechanisms, required for maintaining 
larger genomes, distinguish eukaryotes from 
archaea and bacteria, in line with the error threshold 
theory (see [56] and references therein). One of the 
theories seeking an explanation for the enhanced 
DNA repair mechanisms of eukaryotes is the con-
cept that the internal oxygen production of the 
bacterial-partner-in-eukaryogenesis inside the cell 
of the archaeal-partner-in-eukaryogenesis necessi-
tated this higher DNA repair (in addition to necessi-
tating the nucleus-cytoplasm separation) [57,58]. 
Figure 3 depicts the evolutionary development of 
the enzyme performing the A-to-I modification, with 
the innovation introducing the homodimeric com-
plex occurring somewhere between the LUCA and 
the LBCA, and the innovation expanding the modi-
fication machinery to being a heterodimeric com-
plex occurring somewhere between the FECA (the 
First Eukaryote Common Ancestor, i.e. the chi-
maera of archaeal and bacterial cooperation during 
eukaryogenesis) and the LECA (the Last Eukaryote 
Common Ancestor). It should be noted that LECA 
arose through a long way of fast evolution since 
the FECA. For the background in evolutionary bio-
chemistry over deep time that led to this line of 
thought, see [17,59–64]. While it is ADAT2 which 
has the active catalytic site, the two components 
of the heterodimeric complex both are functional. 
ADAT3 has a different function from catalysis; it is 
essential for substrate recognition. 
The observed taxonomic variation in the number 

of different anticodons containing the A-to-I 
modification has led to research on the 
evolutionary origin of this pattern. In [47], a progres-
sion of deaminated anticodons is described, start-
ing with none in so-called deeply rooted, 
thermophilic bacteria, then one (ACG) in most bac-
teria, via six in an organism from the so-called prim-
itive SAR supergroup of eukaryotes, to eight in
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animals. The SAR supergroup is a major clade of 
eukaryotes in which the Stramenopiles, the Alveo-
lates and the Rhizaria are united. Brown algae 
and diatoms are well-known stramenopile sub-
groups. Dinoflagellates, ciliates and apicomplexa 
(among which the malaria parasite) are well-
known alveolate subgroups. Foraminiferans and 
radiolarians are well-known rhizarian subgroups. 
The above-presented “progression” is deceiving. 
The LBCA likely had the A-to-I modification [26], 
and so-called deeply rooted, thermophilic bacteria 
are descendants of an ancestor which lost the A-
to-I modification. The SAR supergroup should not 
be seen as primitive eukaryotes because ciliate 
cells are exceedingly complex and kelp weed is 
the largest multicellular organism known. The state 
with only six I-starting anticodons mentioned is 
likely a secondary state of an organism which des-
cended from an ancestor with eight I-starting anti-
codons. The proper way to see evolution on the 
large scale is that A-to-I modification is not present 
in the domain Archaea, A-to-I modification for the 
anticodon ACG is found in many, but not all, lin-
eages of bacteria, and A-to-I modification for tRNAs 
of eight amino acids probably was the state of 
LECA. The simultaneous absence of the A-
starting anticodon and the G-starting anticodon in 
codon boxes presented in [47] (see their Table 2) 
points to the possibility of the U-starting anticodon 
taking over the function (superwobble, see later 
section in this review). However, this interpretation 
would require thorough manual curation and bioin-
formatics analyses to ensure that tRNAscan-SE 
did not miss tRNA genes with unusual sequences 
(for a case showing the need for thorough manual 
curation when using tRNAscan-SE see [65]). 
It should be noted that inosine plays a crucial role 

in antibody production in mammals, as shown by 
Guigère and colleagues [66]. Antibodies, produced 
in large quantities for immunoprotection, require 
translation systems adapted for this purpose. The 
constant regions of antibodies, which make up the 
majority of antibody production, are enriched in C-
ending codons. These are read by I-starting anti-
codons rather than G-starting anticodons, which 
are absent in eukaryotes in the eight codon boxes 
where I-starting anticodons are used (but see the 
information about human tRNAIle 

GAU genes in the sec-
tion on the AUN codon box above). Similarly, pro-
teins involved in cell adhesion, particularly those 
with low-complexity domains, rely on I-starting anti-
codons. These domains, enriched with amino acids 
decoded by tRNAs with I-starting anticodons in mam-
mals, slow down translation and can induce 
frameshifting and stalling [67]. Depletion of tRNAs 
with I34 impairs cell morphology and adhesion [67]. 
These tRNAs with I-starting anticodons, termed 
TAPSLIVR-tRNAs [68,47], are unique to eukaryotes 
and allow for the high density of certain amino acids 
in protein sequences, such as low-complexity 
domains, which are not found in archaea or bacteria. 
9

This feature emerged after the development of the 
heterodimeric complex. 

Inosine at position 37 in eukaryotes 

The presence of inosine at position 37 of tRNA 
was already found by Holley and co-workers [21]. 
As mentioned above, the first sequenced tRNA 
happened to be tRNAAla of S. cerevisiae. In a strik-
ing coincidence, this also is the only tRNA with I37. 
All 19 other amino acids do not show I37. Therefore 
I37 is very rare among the tRNAs transferring all 20 
amino acids, but it is generally present in tRNAAla in 
all eukaryotes. Compared to other tRNA modifica-
tions, not much research has been dedicated to 
I37. The nucleoside is further methylated to m1 I37 
[24]. 
In 2013, research on the role of I37 in salt stress in 

embryophytes [69] was reported and was further 
studied in [70]. The molecular details of the function 
of I37 in these plants and in other eukaryotes, how-
ever, are still unclear, and so much so, that in a 
recent review specifically focusing on modifications 
of the anticodon-loop, I37 was not part of the scope 
[71]. The enzyme responsible for I37 modification, 
Tad1, has been identified long ago (in bakers yeast 
[38], in human beings [72], in mice [73]  and  in  Dro-
sophi la [74]), but progress on the understanding of 
the precise functioning of I37 has proven difficult. 
Modification at position 37 (with other modifications 
than inosine) is known to optimize the dynamics of 
translation, e.g. preventing frameshifting (see e.g. 
[75,76]). Translation needs to proceed smoothly: 
hypomodification has been shown to disturb pro-
teome integrity by way of ribosome stalling [77]. 
Possibly the lack of the I37 modification in eukaryotic 
tRNAAla results in problems like these, but at the 
moment these are speculations without experimen-
tal evidence behind it. Clearly research on I37 is a 
neglected corner of tRNA modification biology. 

The incomplete-saturated state of the 
I34 modification 

Inosine modification has traditionally been 
considered as a stable tRNA modification. 
However, recent findings challenge this 
perspective. Research on human embryonic stem 
cells has shown that inosine modification levels 
can vary in response to cell state changes [78], sug-
gesting that inosine may belong to the growing 
class of dynamically regulated tRNA modifications 
[79–81]. In circumstances of unusual tRNA modifi-
cation state, mRNAs with special codon usage (ter-
med Modification Tunable Transcripts, MoTTs [82]) 
can be preferentially read. In this way, dynamical 
regulation of tRNA modification is of the utmost 
importance in selective mRNA translation, pro-
teome composition and cell fate [9]. Despite the 
findings in [78], it remains uncertain whether inosine 
in human cells qualifies as a fully dynamic tRNA
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modification. A defining criterion for dynamic regu-
lation is the presence of both a writer enzyme (intro-
ducing the modification) and an eraser enzyme 
(removing it). While Bornelöv and colleagues 
observed incomplete deamination with physiologi-
cal relevance [78], an eraser enzyme is yet to be 
identified. Beyond human cells, incomplete I34 mod-
ification has also been reported in S. cerevisiae 
[83], suggesting it is not just a characteristic of ani-
mals, but should be considered to be present in all 
organisms of the opisthokont supergroup. Further-
more, it was also found in the malaria parasite Plas-
modium falciparum [84] from the SAR supergroup, 
and therefore seems to be widespread in eukary-
otes. However, dynamically regulated insosine 
modification may not be restricted to the eukaryotic 
domain of life, because it has also been reported in 
the bacterium S. pyogenes [44]. This suggests that 
when A34-to-I34 modification is present in a system, 
dynamic regulation of the modification is also 
present. 
Determining tRNA modifications in their exact 

position in the tRNA sequence and determining 
the relative abundances and modification states of 
all species of tRNA over time (e.g. before and 
after a stress condition has started) and place 
((e.g. in different parts of an embryo) are 
formidable technical challenges. Recently great 
progress has been achieved in this field (see e.g. 
[85] and references therein). An important take-
away from this work is that default software settings 
remove the vast majority of tRNA reads. The 
sequence of a tRNA gene is in general (taking tRNA 
introns in consideration) less than 100 nt, and the 
default software settings discussed remove 
sequences shorter than 200 nt [85]. 

A special focus on the wobbling by 
inosine 

It is important to realize that the standard textbook 
idea of “Inosine recognizes three codons: the U-
ending codon, the C-ending codon and the A-
ending codon” is a simplification of a complex 
situation. A number of important recent 
developments necessitate a more sophisticated 
view of wobbling by inosine (and wobbling in 
general). For decades, a strict division between 
anticodon loop modifications and tRNA body 
modifications has been textbook knowledge. 
Anticodon loop modifications are seen as 
governing reading behavior and body 
modifications are seen as governing tRNA 
stability. The recent article by Kompatscher and 
co-workers [86] introduces a change in this view. 
In this paper, the tRNAGly 

UCC molecules of E. coli and 
Mycoplasma mycoides are compared. The crucial 
difference between these two molecules is that the 
E. coli tRNA recognizes the codons GGA and 
GGG, whereas the M. mycoides molecule recog-
nizes all 4 codons from the Gly codon box in the 
10
genetic code: GGU, GGC, GGA, and GGG. Such 
recognition of all 4 codons by a single tRNA is known 
under different names, but the most used name is: 
superwobble. A difference between the mature ver-
sions of the two molecules which immediately 
catches the eye is that the U34 of the E. coli molecule 
is modified, where the U34 of the M. mycoides mole-
cule is not (see Figure 1 in [86]). One possibility was 
that the differences in decoding behavior were 
caused by this characteristic. However, by adding 
unmodified tRNA molecules to an in vitro translation 
system, Kompatscher and co-workers show that the 
E. coli molecule with U34 in unmodified state is not 
able to perform the superwobble. The M. mycoides 
molecule, remarkably, is able to superwobble even 
if the U34 is replaced by A34 or G34. By transplanta-
tion of the different parts of the molecule into the 
alternative scaffold (the T-arm of the M. mycoides 
molecule transplanted into the scaffold of the E. coli 
molecule and so on), Kompatscher and co-workers 
show that the essential feature for superwobbling is 
a difference in the T-stem. The E. coli molecule has 
a T-stem consisting of 5 G-C pairs. The superwob-
bling M. mycoides molecule has only three G-C pairs 
in the T-stem: G49-U65 and A50-U64 are the base-
pairs of the stem which are not G-C. The GC-
content of the T-arm thus plays a key role in super-
wobbling. The view that the governing of reading 
behavior is exclusively with the anticodon loop mod-
ifications therefore is untenable. Importantly, T-
stems are generally very GC-rich. 
A quick inspection of the pages of GtRNAdb [3,4] 

for E. coli and M. mycoides (in September 2024) 
reveals that the discovery of Kompatscher and co-
workers is not restricted to the Gly codon box. Rel-
atively G-C poor T-arms are also present in tRNAs 
decoding the codon boxes for Ala, Pro and Val, and 
in the fourfold degenerate codon box for Leu; these 
four codon boxes show superwobbling behavior too 
as judged by the absence of other tRNAs decoding 
these boxes. The implication is that Kompatscher 
and co-workers have unraveled a fundamental 
aspect of tRNA decoding behavior. 
The wobbling behavior of I-starting anticodons is 

traditionally considered as one recognizing three 
codons: the U-ending codon, the C-ending codon 
and the A-ending codon. This view goes back all 
the way to Crick [22]. However, it is important to 
note that the wobbling behavior of tRNAs containing 
I34 is not the same in the different codon boxes. One 
such case is the AUN codon box in eukaryotes, 
where the recognition of the A-ending codon (i.e. 
AUA) by the I-starting anticodon (i.e. IAU) is so poor 
that the presence (in addition to the presence of the 
tRNAIle 

IAU) of a special tRNA with a UAU anticodon 
(with both U nucleosides modified) for AUA-
recognition is necessary. Very poor reading of the 
CGA codon by the ICG anticodon in S. cerevisiae 
has also been known for many years (see [83] and 
references therein). Importantly, specific cases like 
these do not provide sufficient evidence to be able
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to conclude that such a feature is universal for all 
organisms: the details of decoding power of a tRNA 
set often differ from system to system. Above, the 
variability in pairing behavior of inosine was already 
encountered [46], although in that case the pairing 
was between inosines in the mRNA and anticodons 
without inosine. The phenomenon at the heart of 
the matter, however, is the same: interaction of ino-
sine with the other nucleosides. As stated above: 
The details differ for different codons, and in different 
contexts of codons (see [46]). 
We have just seen that on the one hand the 

wobbling of inosine is sometimes more restricted 
than what is generally presumed. On the other 
hand, the wobbling behavior of inosine is 
sometimes presented in literature as more 
extended than the original three codons proposed 
by Crick: a superwobble by I34 (see e.g. [87]). In 
the light of the discussion on superwobble above, 
it seems entirely possible that unmodified A is per-
forming the superwobble here, with sequence 
adaptations of the tRNA body. Until now, superwob-
bling by I34 has not been convincingly 
demonstrated. 
An important lesson from these considerations 

regarding wobbling by inosine is to realize the 
simplifications that are inherent to summarizing 
the decoding behavior of tRNA sets in simple 
tables with decoding rules of the kind one prints 
out and tapes on the wall: “The” Wobble Rules. It 
should be noted that Curran [11] and Percudani 
[88] have made the same point long ago. 

The inosine modification in human 
disease 

A rapidly emerging theme in the field of tRNA 
biology, and particularly tRNA modifications, is 
their disease relevance [89–91]. This recently iden-
tified class of diseases is now referred to as mod-
opathies ([92] and references therein). The inosine 
modification is no exception to the trend: the impli-
cations of mutation in the ADAT3 gene in human 
beings can be far-reaching. In 2013 a G-to-A transi-
tion mutation was reported that changed a valine 
codon into a methionine codon [93]  in  ADAT3. 
Patients carrying this mutation in homozygous state 
were described as presenting severe intellectual 
disability with misalignment of the eyes (strabis-
mus). Since then, more mutations in ADAT3 have 
been describ ed [94–97], all with consequences for 
intellectual ability. In [96]  (and  also  i  n  [97]), two dif-
ferent mutations are described, with the patients 
receiving one damaged allele from the father and 
the other damaged allele from the mother (this is 
called compound heterozygosity). The implications 
of both homozygous ADAT3 mutations and com-
pound heterozygous ADAT3 mutations can be so 
severe that they show themselves early in child-
hood. In such cases children can present intellec-
11
tual disability, hypotonia, short stature, feeding 
difficulties, strabismus, microcephaly, and absent 
or limited speech. These medical reports show that 
reduced inosine modification in humans has a sev-
ere impact on neurodevelopment. Defective syn-
thesis of proteins with low-complexity sequence 
stretches rich in leucine, isoleucine, valine, serine, 
proline, threonine, alanine and arginine probably 
plays a role in this impact [67]. 
Recently, the ADAT2/ADAT3 complex of the 

mouse has been studied with and without the 
above valine-to-methionine mutation [98]. This 
study shows that the change in ADAT3 most likely 
hinders optimal presentation of the tRNA 
anticodon-arm to the catalytic site in ADAT2. The 
work on the murine ADAT2/ADAT3 was preceded 
by work on the yeast ADAT2/ADAT3, providing a 
broader view of this enzyme [99]. This area of 
research promises to ultimately uncover ways to 
alleviate the problems which these patients face. 
An example how basic tRNA research can improve 
the life of patients with modification mutations has 
recently emerged in Japan, for a modification differ-
ent from the inosine modification. Oral administra-
tion of a high dose of taurine suppressed stroke 
recurrence in patients with the MELAS modopathy 
in Japan, which involves mutations in tRNA genes 
(see [25] and references therein). With respect to 
the inosine modification, it should be realized that 
children who are unable to speak due to compound 
heterozygosity for ADAT3 may have profound 
capacity for nonverbal language development [95]. 
This is an aspect which should not be forgotten, 
as a special program for nonverbal language devel-
opment may make these children and their parents 
much happier. 
Recently, the inosine modification has been found 

to also play a role in certain kinds of cancer [9]. Dur-
ing the development of a cancer, the genome of 
cancer cells can change by way of deletion of genes 
which in normal growth are indispensable. Dedon 
and Begley [9] found a cluster of genes containing 
ADAT3 which can be deleted during tumor growth. 
They arrived at this conclusion by mining a data-
set based on 47,534 patient samples from 55 forms 
of cancer. According to their heat map, in approxi-
mately 20 forms of cancer, gene deletion of ADAT3 
is sometimes present. The forms of cancer with the 
highest frequency of ADAT3 deletion are B-
lymphoblastic leukemia/lymphoma, cervical squa-
mous cell carcinoma, serous ovarian cancer and 
uterine serous carcinoma/uterine papillary serous 
carcinoma. In normal eukaryotic cells, life is 
impossible without the ADAT2/ADAT3 complex. 
The heat map of Dedon and Begley suggests 
that certain cancer cell lines are able to live without 
this complex. In future experimental research it 
would be important to verify for one of such 
cell lines that these eukaryotic cells are really living 
without I34.
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The latest chapter in the evolution of inosine 
research involves its application in biotechnology. 
TadA has been engineered to develop enzymes 
capable of inducing targeted DNA modifications 
[37,100,101], offering a potential approach for 
DNA repair in living organisms. This represents a 
promising advancement in medical science, though 
it also necessitates careful consideration of poten-
tial risks associated with such deep cellular inter-
ventions. Apart from medical aspects, this work 
[37] provides insights into the early evolution of ino-
sine modification through the study of “resurrected 
proteins” (see [102] and references therein). 

Perspectives and future directions 

With the surge of recent enthusiasm for studying 
tRNA modifications (mainly motivated by the 
combined drive of the tRNA modification enzyme 
identity of many genes involved in human disease 
and fast technological progress) also our old 
acquaintance inosine is back at the forefront of 
scientific interest. In the genomics era, the fact 
that inosine at position 34 of tRNA is not a 
universal aspect of living cells has become 
abundantly clear. Archaea do not possess I34,  and
neither do many bacteria. This is an evolutionary 
perspective which needs to be emphasized . 
The dual duty of TadA as an enzyme both 

introducing inosine in tRNA and in mRNA [44,45] 
in many bacteria (i.e. those bacteria which do pos-
sess I34) is something which has not yet been gen-
erally appreciated. The general differences in the 
functioning of epitranscriptomics between a bacte-
rial clade with TadA compared to a bacterial clade 
without TadA are a subject of general interest in 
evolutionary bacteriology. 
Rapid developments are occurring in our 

understanding of the eukaryotic A-to-I editing 
ADAT2/ADAT3 complex, and the cellular 
proteome heavily dependent on its activity 
[53,66,67]. Many exciting discoveries are expected 
to emerge in this field. An evolutionary implication is 
the realization that a single glance at the tRNA set of 
an organism allows one to know if the organism is a 
eukaryote or not (5 or more A-starting anticodons of 
different kind means: eukaryote; 3 or less A-starting 
anticodons of different kind means: not a 
eukaryote). 
The inosine modification at position 37 of the 

anticodon-loop has been with us as long as the 
position 34 modification [21]; however, this aspect 
of tRNA biology has remained largely unstudied. 
What is I37 in e.g. human tRNAAla 

AGC doing? Why does 
specifically tRNAAla need this modification? Is this 
modification indeed present in all eukaryotes? 
The dynamic nature of tRNA modifications is 

“charging to the front”, and regulated incomplete 
modification status is also found with respect to I34 
[78,83,44]. Fortunately, rapid technological pro-
12
gress (e.g. [85]) promises that insight in the exact 
abundances and modification states of the total of 
tRNAs present in a cell at a certain moment will 
be in sight soon. 
Nuance needs to be brought to the field 

concerning the wobble behavior of inosine. Too 
often it is assumed that inosine reads A-ending 
codons without difficulty. The reality is more 
complex, and is different for different codon boxes 
of the genetic code, for different organisms, and 
for different codon contexts. The recent report [86] 
of superwobbling of A-starting and U-starting anti-
codons, depending on G-C content of the T-stem 
should make us humble, and hesitant to make 
overly simplistic tables presenting wobble behavior. 
Many of these new and exciting developments 

are of eminent interest for the field of human 
disease. The molecular basis for many 
phenomena of intellectual disability and speech 
impairments until recently remained totally 
unclear, but can now be attributed to 
hypomodification of tRNAs during embryological 
development. Also in the field of cancer research, 
tRNA modification has entered as one of the 
biological factors in the subject. The need for 
verification of cancer cells living despite the 
absence of I34 in these cells [9] has been indicated 
in the section on inosine in human disease. 
Finally, the understanding of tRNA biology throws 

light upon main events in the evolutionary 
development of life in general: development of I34 
for arginine on the way from LUCA to the bacteria, 
and explosive expansion of I34 all over the genetic 
code table at the emergence of eukaryotes, 
followed by the full exploitation of the possibilities 
this offered in multicellular animals. 
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[5]. Grosjean, H., De Crécy-Lagard, V., Marck, C., (2010). 

Deciphering synonymous codons in the three domains of 

life: co-evolution with specific tRNA modification 

enzymes. FEBS Lett. 584, 252–264. https://doi.org/ 

10.1016/j.febslet.2009.11.052. 

[6]. Schultz, S.K., Kothe, U., (2024). RNA modifying 

enzymes shape tRNA biogenesis and function. J. Biol. 

Chem. 300, 107488. https://doi.org/10.1016/j. 

jbc.2024.107488. 

[7]. Phizicky, E.M., Hopper, A.K., (2010). tRNA biology 

charges to the front. Genes Dev. 24, 1832–1860. 

https://doi.org/10.1101/gad.1956510. 

[8]. Saleh, S., Farabaugh, P.J., (2024). Posttranscriptional 

modification to the core of tRNAs modulates translational 

misreading errors. RNA 30, 37–51. https://doi.org/ 

10.1261/rna.079797.123. 

[9]. Dedon, P.C., Begley, T.J., (2022). Dysfunctional tRNA 

reprogramming and codon-biased translation in cancer. 

Trends Mol. Med. 28, 964–978. https://doi.org/10.1016/ 

j.molmed.2022.09.007. 
13
[10]. Borén, T., Elias, P., Samuelsson, T., Claesson, C., 

Barciszewska, M., Gehrke, C.W., Kuo, K.C., Lustig, F., 

(1993). Undiscriminating codon reading with adenosine 

in the wobble position. J. Mol. Biol. 230, 739–749. https:// 

doi.org/10.1006/jmbi.1993.1196. 

[11]. Curran, J.F., (1995). Decoding with the A:I wobble pair is 

inefficient. Nucl. Acids Res. 23, 683–688. https://doi.org/ 

10.1093/nar/23.4.683. 

[12]. Murphy, F.V., Ramakrishnan, V., (2004). Structure of a 

purine-purine wobble base pair in the decoding center of 

the ribosome. Nature Struct. Mol. Biol. 11, 1251–1252. 

https://doi.org/10.1038/nsmb866. 

[13]. Lim, V.I., (1995). Analysis of action of the wobble 

adenine on codon reading within the ribosome. J. Mol. 

Biol. 252, 277–282. https://doi.org/10.1006/ 

jmbi.1995.0494. 

[14]. Muramatsu, T., Nishikawa, K., Nemoto, F., Kuchino, Y., 

Nishimura, S., Miyazawa, T., Yokoyama, S., (1988). 

Codon and amino-acid specificities of a transfer RNA are 

both converted by a single post-transcriptional 

modification. Nature 336, 179–181. https://doi.org/ 

10.1038/336179a0. 
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