
The universal genetic code and tRNAs were discovered 
more than 50 years ago and transformed life science by 
providing an analytical framework for understanding 
living systems. By decoding the genetic code through 
aminoacylation reactions by aminoacyl tRNA synthe
tases (aaRSs), tRNAs stood at the centre of that era 
of research. The aaRSs participate in decoding the 
sequence of incoming mRNA by mediating tRNA 
amino acylation, whereby each amino acid is matched 
with its cognate tRNA in an ATPdependent reaction. 
From there, the aminoacylated tRNA is captured by a 
translation elongation factor and it is delivered to the 
ribosome for protein synthesis. After exhaustive analy
ses, including many structural studies of tRNA and 
its complexes, our understanding of tRNA biology 
seemed complete.

It came as a surprise when new work showed the 
involvement of tRNAs in other processes, namely, adap
tive protein synthesis (see below) and, more dramati
cally, functions as noncoding RNAs which have been 
implicated in multiple regulatory networks. A strong 
impetus for these discoveries came from advances 
in largescale RNA sequencing with methodologies 
( notably including RNA sequencing (RNASeq)) 
and more sophisticated computer programmes that 
 enabled the analysis of millions of sequence reads1–3. 
At the same time, advances in proteomics provided 
protein readouts that could be correlated with RNA
Seq. An  unanticipated complexity of the structure and 
 function of tRNAs was revealed.

Several current and thorough reviews on selective 
aspects of tRNA biology are available2,4–9. Here, I focus 
on the overall complexity of the emerging human tRNA 
biology and, with a few illustrative examples, highlight 
its basis and physiological importance.

Unique structure of tRNAs
There are 76 nucleotides in the canonical and most 
 common tRNA molecule10. The tRNA fold is well 
conserved throughout all three kingdoms of life. It is 
character ized by a cloverleaflike secondary structure 
of 76 to 93 nucleo tides that terminates with a CCA 
trinucleo tide at the 3ʹend, with the site of amino
acylation at the 2ʹ or 3ʹOH of the terminal adenosine. 
The four arms of the cloverleaf are designated as the 
acceptor stem, dihydrouridine (D) stem–loop, anti
codon stem–loop and TψC stem–loop, where ψ repre
sents pseudouridine (FIG. 1a, left). Upon folding of the 
tRNA into its tertiary, Lshaped structure, the TψC 
stem stacks onto the acceptor stem to create the 12 bp 
acceptor–TψC minihelix. The anticodon stem–loop 
stacks onto the Dstem to give the 9–10 bp stem of the 
 anticodon–Dloop dumbbell (FIG. 1a, right).

The two domains are joined at right angles by non 
canonical pairing of conserved nucleotides between 
the TψC and Dloops; these nucleotides are critical 
for the formation of an intricate network of tertiary 
inter actions that stabilize the final Lshaped tertiary 
structure (FIG. 1a, middle). Any additional nucleotides 
beyond 76 are  typically taken up in the variable loop, 
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Abstract | The discovery of the genetic code and tRNAs as decoders of the code transformed life 
science. However, after establishing the role of tRNAs in protein synthesis, the field moved to 
other parts of the RNA world. Now, tRNA research is blooming again, with demonstration of the 
involvement of tRNAs in various other pathways beyond translation and in adapting translation 
to environmental cues. These roles are linked to the presence of tRNA sequence variants known 
as isoacceptors and isodecoders, various tRNA base modifications, the versatility of protein 
binding partners and tRNA fragmentation events, all of which collectively create an incalculable 
complexity. This complexity provides a vast repertoire of tRNA species that can serve various 
functions in cellular homeostasis and in adaptation of cellular functions to changing 
environments, and it likely arose from the fundamental role of RNAs in early evolution.
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which bulges out from the back of the L and thereby 
avoids internal steric conflicts. Strikingly, the anti
codon triplet (which recognizes the codon in the 
template mRNA) is segregated into a separate domain 
from the amino acid attachment site. These two loci 
have the  widest separation in the 3D structure — 76 Å 
(FIG. 1a, right).

Apart from cytoplasmic tRNA, animal cells contain 
a unique pool of mitochondrial tRNAs. Mitochondrial 
tRNAs of higher eukaryotes (metazoans) are shorter than 
their cytosolic counterparts, with human mitochondrial 
tRNAs ranging in size from 59 to 75 nucleotides (FIG. 1b). 
These tRNAs have smaller stem and loop regions and 
can even lack entire domains. This diversity suggests 
that tRNAs have a large capacity to reshape themselves 
and that even incomplete tRNAs and their fragments 
can have important cellular functions (as exemplified in 
more detail below). In addition to alterations in their 
structure, mitochondrial tRNAs are also enriched in 
adenine and uracil, which makes them less stable. Many 
human diseases associated with mitochondrial tRNA 
mutations are thought to result in large part from base 
changes that exacerbate this fragility11–13. Owing to the 
enormous scope of the human tRNA world, I focus on 
cytoplasmic tRNAs in the discussion below.

Sources of tRNA complexity
tRNAs are by far the most abundant RNAs. Although the 
number of tRNA genes varies from individual to individ
ual for undetermined reasons14, on average, there are 
about 500 tRNA genes and tRNA genelike sequences 
encoded by the human genome15,16. Roughly half of 
these have been validated as expressed genes, and more 
will likely be validated. About 300 different cytoplasmic 
tRNA molecular sequences are encoded by the genome, 
and another 22 are encoded by mitochondrial DNA and 
compose the mitochondrial tRNA pool. There is at least 
one tRNA species for each of the 20 amino acids. Once 
an amino acid is stably attached, its position in a growing 
polypeptide chain is dictated by the codon–anticodon 
interactions on the mRNA. Because of the degeneracy 
of the code, there is more than one codon for most 
amino acids. This has given rise to tRNA isoacceptors — 
tRNA molecules with distinct sequences, including the 
sequence of the anticodon, but carrying the same amino 
acid. Thus, the complexity of the tRNA world starts with 
the presence of many tRNAencoding genes and the 
code’s degeneracy. This complexity is further expanded 
by the array of base modifications in tRNAs, by the 
existence of a plethora of tRNA interacting  partners, 
 including the aaRSs, and by tRNA fragmentation.

Many isoacceptors and isodecoders. In higher eukary
otes, apart from isoacceptors, there are also iso decoders 
— tRNAs with the same anticodon but different bodies. 
A specific example of the diversity of human cyto plasmic 
Alaspecific tRNAs, known as tRNAAlas, is presented in 
FIG. 1c. As a consequence of the possibility for wobble 
pairing between the codon and anticodon (meaning 
codon–anticodon recognition involving less secure 
bonding between the two bases in the third position of 

the codon and the first position of the anticodon, such 
as G:U (wobble) versus A:U (canonical, WatsonCrick 
pairing)), in principle, only two tRNAAlas are needed to 
read the four GCX codons for Ala (where X denotes any 
base) using the anticodons UGC or GGC (as U or G in 
the first position of the anticodon can use the wobble 
interaction to read the third base of all four codons for 
alanine). However, the genome encodes 46 genes with 
39 distinct sequences of tRNAAlas (all 39 have a G3–U70 
base pair in the acceptor stem; this base pair, and not 
the anticodon, marks them for charging by alanine 
tRNA synthetase (AlaRS)17. Interestingly, some of these 
isoacceptors are also isodecoders (FIG. 1c). Considering 
all cytoplasmic tRNAs, roughly 270 isodecoders are 
 associated with approximately 50 isoacceptors15,18,19.

tRNA modifications add vast complexity. With more 
than 90 annotated structures of modified nucleosides 
in humans20,21, most RNA modifications have been 
described for tRNAs. Some modifications are  common 
to most if not all tRNAs, such as dihydrouridine (in the 
Dloop) or pseudouridine (in the TψC loop), but  others 
are restricted to a specific tRNA or group of tRNAs. These 
modifications include methylation of the ribose at the 
2ʹOH position, as well as base methyl ations and more 
elaborated decorations such as isopentenyl adeno sine 
(where an isopentyl group is joined to the adenine ring) 
(FIG. 2a). The average human tRNA contains between 11 
and 13 modifications22, but these are not ‘all or none’, that 
is, they can vary. In an analysis of several specific tRNA 
base modifications in human HEK293T cells, levels of 
modification varying between 10% and >80% have been 
observed for a specific base, depending on the type of 
modification and its location23. The modif ied versus 
unmodified state can have different effects on the activ
ities associated with a particular tRNA. As discussed 
below, these modifications can  regulate  translation as 
well as activities outside of translation.

Thus, within a tRNA, any particular site can range 
from being unmodified to up to almost fully modified 
(FIG. 2b). Because modification is a binary event, a huge 
population of microspecies can potentially exist. Taking 
into account only the 13 sites where a lack of modifica
tion has been associated with diseases24,25, the  number 
of microspecies for each tRNA can be computed as 
213 = 8,192 (FIG. 2b). Modifications thus introduce fur
ther complexity that goes far beyond that engendered 
by isoacceptors and isodecoders. Given the roughly 
60  million tRNA molecules per mammalian cell26, this 
large  ensemble of microspecies can at first glance be 
accommodated within the total population manyfold. 
However, the vast array of microspecies emanating from 
a single amino acidspecific tRNA is repeated for each 
tRNA, so that layer upon layer of the same  complexity 
is built up.

Considering all possible combinations of the statis
tical distributions of modified species across all tRNAs 
results in an incalculable number of hypothetical pos
sibilities that cannot be fulfilled in a single cell or even 
a whole organism (FIG. 2c). For example, if there are 
213 microspecies of modified forms of a single tRNA, 
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Figure 1 | The overall structure of tRNAs and the various isoacceptors 
and isodecoders. a,b | Cytoplasmic (part a) and mitochondrial (part b) 
tRNAs. Colours are used to delineate the relationship of the two major 
domains of the L‑shaped structure (part a, middle, and part b, right) to the 
sequence elements (shown as filled circles) in the cloverleaf diagram (part a, 
left) and (part b, left). The dashed lines (middle panel of part a and right panel 
of part b) indicate places where, starting from the 5ʹ‑end, one nucleotide 
joins to the next in the 2D projection of the 3D structure. A ribbon diagram 

of the 3D structure of a full tRNA is shown in the right panel of part a. c | The 
delineation of various isoacceptors and isodecoders for alanine-specific 
tRNA (tRNAAla). There are 39 distinct human tRNAs for Ala split into three 
families of isoacceptors with multiple isodecoders in each family. All tRNAAla 
molecules harbour a guanine at position 3 and a uracil at position 70, which 
form a bond (G3:U70, yellow bar) that marks them for aminoacylation with 
alanine. The different colourings of the isodecoders simply illustrate that the 
same anticodon triplet is associated with different tRNA bodies.
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Trans-acting editing factors
Editing domains that are not 
linked to tRNA synthetases, 
where they act in cis as part of 
the synthetase, but rather are 
‘free-standing’ and can erase 
mistakes of aminoacylation 
by directly binding to a 
mischarged tRNA.

mTOR signalling
A major signalling pathway for 
integrated cellular signalling 
pathways in eukaryotes.

Stress granules
Tightly packed aggregates of 
proteins and RNA that appear 
under stress.

then the number of combinations of modified forms 
across all tRNAs is 213 × 213 × 213…, which easily surpasses 
10100. As will be discussed below, this immense tRNA 
complexity is the source of  unanticipated biology.

tRNA-interacting proteins add further functional com-
plexity. The longstudied canonical role of tRNAs is con
ventional protein synthesis, where they first interact with 
the cognate aaRSs that join each tRNA to its respective 
amino acid27,28. The synthetases are relatively abundant 
proteins in mammalian cells, and at any time, most 
tRNAs will be bound to either a tRNA synthetase or in 
complexes with translation initiation and elongation 
factors and ribosomes (FIG. 3a). Additionally, trans- acting 
editing factors in humans, such as AlaXp29 or ProXp
Ala30, can form complexes with mischarged tRNAs to 
give redundancy of error correction in cases where the 
 editing of errors by a synthetase is incomplete.

The human aaRSs add greatly to the complexity of 
the tRNA world, especially because of their reported 
involvement in pathways outside of ribosome dependent 
translation per se, such as nuclear regulation of tran
scription, extracellular receptormediated signalling, 
mTOR signalling and the recruitment of binding partners 
for intracellular regulation of mRNA accessibility31–37. 
In accordance with these many functions, there is a 
large number of splice variants of human aaRSs, which 
have a wide array of novel biological activities38. Many 
are catalytic nulls, that is, variants in which part or 
the entire active site is lacking. However, many retain 

domains that interact with tRNA (FIG. 3b). Some are 
anticodonbinding domains39,40. Others are panspecific 
tRNAbinding domains that dock on the outside corner 
of the elbow of the Lshaped structure using structure 
rather than sequencespecific interactions and appear to 
act as a tRNA chaperone to stabilize the Lshaped fold 
(these have been described as functional homologues of 
Trbp111, a protein with chaperonelike activity that was 
originally identified in Aquifex aeolicus)41–43. Binding of 
tRNAs to these aaRS splice variants, as well as to other 
binding partners (for example, components of retro
viral capsids (see below)), further expands the possible 
 diversity of tRNAs.

Fragmentation expands the population of tRNA 
microspecies. The realization of the existence of natural 
tRNA fragments opened a new door to the tRNA world. 
Initially, there was no thought of angiogenin involve
ment in tRNA biology, and the nuclease was known 
for its angiogenic activity44–46. However, it was finally 
appreci ated that angio genin (as well as other nucle
ases) have a role in tRNA biology (see Supplementary 
 information S1 (box)).

Nucleolytic cleavage of tRNA at the anticodon gener
ates 5ʹ and 3ʹ halves, which are considered translation 
interfering tRNAs (tiRNAs). This role was ascribed to 
these fragments in early studies, as it was observed that 
5ʹ halves inhibited translation in the context of stress 
responses and were associated with formation of 
stress granules. Other fragments known as fragmented 

Figure 2 | The build‑up of complexity in the tRNA world. a | Examples of a few common base modifications 
(green boxes) found in tRNAs. b | Thirteen post‑transcriptional sites of base modification in tRNAs that associate with 
human diseases (green spheres). As the modification at a given site is often partial on a population level, a large statistical 
distribution of all possible microspecies can be built up based on many different possible combinations of partly modified 
tRNA species. c | Starting from a single tRNA and progressing to all combinations of the different possible mixtures of 
tRNA species, an immense complexity of the tRNA world arises, with numbers of possibilities beyond realization in any 
single cell or organism. tRNAAla, alanine-specific tRNA; PTM, post-transcriptional modification.
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tRNAs (tfRNAs) result from various cleavages and can 
be much smaller than tiRNAs (FIG. 3c). These fragments 
harbour the same large statistical distribution of modifi
cations as the fulllength molecule, which add more 
complexity to the tRNA fragments2. Furthermore, at 
least one study reported that angiogenincleaved tRNA 
3ʹ halves retained the aminoacyl moiety of the attached 
amino acid, which could be considered another kind of 
modification47. Finally, specific fragments are targets for 
binding by regulatory factors not known to be part of 
the translation apparatus (FIG. 3c, and see below). Thus, 
tRNA fragmentation — by generating a wide variety 
of tRNA microspecies — amplifies the complexity of 
the tRNA world.

Impact of tRNA sequence variability. The obvious 
rationale for the existence of tRNA iso acceptors is 
to accommodate the degeneracy of the genetic code. 
Additionally, by deploying isoacceptors and iso decoders, 
the genetogene variation in codon usage offers a way to 
modulate relative translation efficiencies among various 
mRNAs (see examples below)48. Although this ration
ale remains under investigation and has provoked some 
controversies49, recent work clearly points to translation 
mediated roles for isoacceptors and isodecoders in 
 modulating various cell functions.

Isoacceptor-dependent tumour metastasis
Two isoacceptors — tRNAGlu/UUC and tRNAArg/CCG — are 
upregulated in breast tumours in concert with the pro
gression towards metastasis50. As a consequence, trans
cripts harbouring the complementary codons for these 
tRNAs compete more effectively for translating ribo
somes and thereby shift the proteome from a balanced 
homeostatic state towards the expression of genes for 
proteins that promote the metastatic pathway (FIG. 4a). 
In addition to more efficient translation, by enhancing 
the occupancy of these mRNAs on the ribosomes, the 
stabilities of tumourpromoting mRNAs are increased 
(as translation efficiency is linked to mRNA decay51,52). 
In further work, a connection between tRNAGlu/UUC and 
metastasis mediated by upregulation of RNA exosome 
component EXOSC2 and the guanine nucleotide 
exchange factor GRIPAP1 was found. Thus, exploring 
the role of two tRNAs in depth led to an unexpected 
discovery of two factors not previously linked to a meta
static pathway. This revealed that upregulation of specific 
tRNAs can change cell physiology and behaviour and 
highlighted that overall cellular metabolism and pheno
type may be balancing on an  isoacceptordependent 
tipping point.

A specific isodecoder regulates neuronal homeostasis. 
In the context of neuronal biology, a specific isodecoder 
— one of five AGAreading tRNAArg/UCU molecules 
(the other four members of this tRNAArg/UCU isodecoder 
family were found to be ubiquitously expressed) — was 
shown to be intimately associated with maintaining cell 
homeostasis and preventing cell death. This isodecoder 
was the first example of tissuespecific (central nervous 
system) expression of a particular tRNA species in a 
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Figure 3 | Complexes of tRNAs with binding partners. a | Complexes of tRNAs 
with components of the translation apparatus. b | Depiction of the major domains of 
tRNA synthetases and how a large array of human tRNA synthetase splice variants 
carves out individual domains that can associate with the outside corner (left) or 
anticodon (right) of the tRNA structure. Grey indicates the conserved core catalytic 
and editing domains of tRNA synthetases that are responsible for accurate 
aminoacylation. tRNA synthetases devoid of part or all of this region are called 
catalytic nulls and have diverse biological functions (see text). Additional non‑catalytic 
appended domains in humans are shown in yellow. c | Fragmentation of tRNA unmasks 
sequence elements that are normally covered in the folded structure, providing sites 
for binding regulatory proteins. Cleavage can occur proximal to the anticodon, 
generating 5ʹ and 3ʹ translation interfering tRNAs (tiRNAs) or can take place at other 
positions, generating different, usually shorter species of fragmented tRNAs (tfRNAs). 
AlaRS, alanine tRNA synthetase; ArgRS, arginine tRNA synthetase; AsnRS, asparagine 
tRNA synthetase; AspRS, aspartate tRNA synthetase; HisRS, histidine tRNA 
synthetase; LysRS, lysine tRNA synthetase; SerRS, serine tRNA synthetase; 
ValRS, valine tRNA synthetase.
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RNA exosome
A multi-protein complex that 
degrades specific RNAs in an 
extracellular vesicle known as 
an exosome.

Integrated stress response
A response to stress found in 
eukaryotes, where global 
protein synthesis is diminished 
to conserve cellular energy.

vertebrate53. This was discovered in mutant mice that 
were defective for this specific isodecoder and concur
rently harboured a mutation in GTPbinding protein 2 
(GTPBP2), a protein that rescues paused ribosomes. 
In these mice, translation defects and extensive ribosome 
pausing at AGA codons were observed and highly corre
lated with widespread neurodegeneration, which could 
be rescued by the expression of this neuron specific 
tRNAArg/UCU isodecoder (FIG.  4b). Subsequent work 

showed that, in an initial temporal response to prevent 
neurodegeneration, tRNAArg/UCU stalling was first accom
panied by activation of activating transcription factor 4 
(ATF4)driven integrated stress response; ATF4 activity 
was promoted by phosphorylation of eukaryotic trans
lation initiation factor 2 subunit 1 (eIF2α) by the GCN2 
kinase54. This again illustrated how cellu lar homeo stasis 
balances on a tipping point, which is  exquisitely sensitive 
to the levels of specific tRNA species.

Figure 4 | Examples of the many regulatory roles of tRNAs. 
a | Upregulation of specific isoacceptors enhances the metastatic 
potential of tumour cells. In metastasizing breast cancer cells, two tRNAs 
are specifically upregulated: tRNAGlu/UUC and tRNAArg/CCG. Many genes 
involved in metastasis are enriched in codons recognized by these tRNAs, 
and as a consequence, their translation is promoted. In the mRNA 
sequence, ‘R’ indicates adenine or guanine. b | A tRNAArg/UCU isodecoder 
expressed specifically in the central nervous system (CNS) regulates 
neuronal homeostasis. In the absence of tRNAArg/UCU, ribosomes will stall at 
AGA codons. This stalling can be rescued by GTP‑binding protein 2 
(GTPBP2), a factor that rescues translational pauses. In the absence of both 
tRNAArg/UCU and GTPBP2, severe ribosome stalling occurs, which leads to 
the activation of integrated stress response driven by activating 
transcription factor 4 (ATF4). This leads to neuronal cell death and 
neurodegeneration. c | Homeostatic balancing of translation through the 
A58 methylation–demethylation cycle. Methylation of tRNAs 

(green hexagon) at position A58 (within the TψC stem–loop) promotes 
translation. Demethylation by nucleic acid dioxygenase ALKBH1 (ALKBH1) 
leads to a decrease in translation levels. d  | The role of the cmo5U 
modification in translation efficiency and survival of Myco bacterium bovis 
cells. 5-oxyacetyl uracil (cmo5U) modification of tRNAThr/UGU enhances 
wobble base pairing between G and U in the codon–anticodon pair, 
leading to efficient recognition of ACG codons. cmo5U modification is 
increased in the condition of hypoxia (which is present in granulomas 
formed in response to the pathogen) owing to increased expression of 
CmoB. At the same time, in early hypoxia, the levels of tRNAThr/GGU and 
tRNAThr/CGU are reduced. Consequently, translation of mRNAs harbouring 
ACG codons is promoted, whereas the expression of mRNAs with ACC and 
ACU codons is dampened. Importantly, mRNAs related to pathogen 
persistence (which form the bacterial Dos regulon) are enriched in ACG 
codons over ACC codons. This strongly promotes their expression and 
bacterial survival.
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Granulomas
Masses of immune cells 
(macrophages) that 
surround and sequester 
invading pathogens.

Dos regulon
A group of genes that act 
together to enable the  
survival and persistence of 
Mycobacterium tuberculosis 
in host cells.

Cold shock domain
A protein domain designed 
to bind DNA and found to 
facilitate survival of bacteria 
when exposed to drops in 
temperature. The domain is 
widely distributed in proteins 
throughout evolution.

G‑quadruplex
A naturally occurring 
four-stranded nucleic acid 
helical structure that has a high 
proportion of guanine bases.

Regulatory role of base modifications
Human genetics provides the most direct path to find
ing biological relevance for tRNA base modifications. 
More than a dozen human diseases are linked to muta
tions affecting tRNA modification enzymes, indicat
ing the important role of base modifications in tRNA 
bio logy8,24,25,55. A few illustrative examples will be dis
cussed below (see also Supplementary  information S2 
(box)).

Homeostatic balancing of tRNA function by methyl-
ation. Enzymes that catalyse modification reactions 
have the potential to be balanced with counterparts that 
cata lyse demodification in a yingyang fashion. A recent 
study explored this yingyang balancing for tRNA 
methylation56. Nucleic acid dioxygenase ALKBH1 
(ALKBH1) erases (by nonhaem iron dependent 
oxid ative cleavage) the N1methyl modification of 
adenine at position 58 (A58) found in many tRNAs 
(FIG. 2a). So far, ALKBH1 is the only tRNA methyl ation 
‘eraser’ that has been characterized in depth. A58 is 
in the TψCloop located at the outside corner of the 
Lshaped tertiary tRNA structure (FIG. 4c). As expected, 
over expression of ALKBH1 led to a decrease in the 
level A58 methylation, whereas ALKBH1 depletion 
increased it. Notably, however, in the population of 
tRNAs, this modification was always partial — that is, 
a fully modified or unmodified state was not achieved. 
Thus, partially modified species may be inherent to 
homeostatic mechanisms within a cell and can generate 
a huge population of microspecies.

ALKBH1 was shown to be a translational repressor 
(FIG. 4c). Repression occurs both at the level of trans
lation initiation and, separately, at the level of elong
ation. These effects have physiological consequences; 
for example, glucose deprivation induced an increase 
in ALKBH1 expression, which led to a global decrease 
in translation initiation. Thus, the methylation– 
demethylation modification cycle at A58 is a sensitive 
and physiologically relevant yingyang regulatory node 
of translation in the tRNA structure and acts through 
mechanisms distinct from modifications that affect 
tRNAmediated codon decoding in mRNAs on the 
ribosome for protein synthesis.

Base modifications enable translation to adapt to 
change. Modifications occurring in the anticodon loop 
have long been known to influence codon reading57,58. 
However, the way in which the cellular environment 
affects these modifications in response to stress or other 
factors was not anticipated5. Technical advances that 
allow analysis of base modifications across an ensem
ble of tRNAs and the ability to precisely define them 
permanently changed how tRNA base modifications are 
annotated and studied59–61 and shed new light on the 
roles of these modifications and their regulation.

A recent example studied the population of modi
fied nucleotides in the tRNAs of Mycobacterium bovis 
— an intracellular pathogen that adapts its transla
tion to intracellular stress62. M. bovis gives the same 
phenotypic appearance as tuberculosis granulomas in 

humans, in which inflammatory cells and an accom
panying hypoxic state are intended to kill the patho
gen63,64. But despite the effect of hypoxia, M. bovis, like 
M. tuberculosis, persists in a nonreplicative state and 
can be revived. The master regulator of mycobacterial 
homeo stasis is DosR, a kinaseactivated transcrip
tion factor that controls the expression of the 48gene 
Dos  regulon62,65–67. Genes in this regulon are enriched 
for specific codons, the readout of which is sensitive to 
tRNA modifications such as  5oxyacetyl uracil (cmo5U) 
(FIG. 2a). Under hypoxia, changes in base modifications 
of bacterial tRNAs occurred — with cmo5U increasing 
by 350% — and were predictive of bacterial persistence 
and its resuscitation62. Importantly, ACG is read by the 
G:U wobblereading of tRNAThr/UGU, which relies on 
cmo5U modification, and thus, recognition of ACG 
by this tRNA would be promoted upon an increase in 
cmo5U. In addition, it was reported that during early 
hypoxia, the amounts of two other tRNAThr iso acceptors 
— tRNAThr/CGU and tRNAThr/GGU — declined, with 
reduced translation of proteins from genes enriched 
for those isoacceptors’ cognate codons, including the 
‘optimal’ ACC codon (FIG. 4d). These effects correlated 
with a high bias for ACG versus ACC codons in the 48 
genes of the Dos regulon, which promotes persistence 
of M. bovis62. This work highlights how a single modi
fication reaction is instrumental in the implementation 
of adaptive  translation for cell survival.

Another form of adaptive translation has also emerged 
in which stress signals can cause mis aminoacylation, 
so that an amino acid different from the one cognate to 
the tRNA is inserted into proteins (BOX 1).

Repurposing tRNAs by fragmentation
Fragmentation of tRNAs releases them from conven
tional aminoacylation and protein synthesis pathways 
and mobilizes them for new functions68. Among other 
effects, fragmentation results in the exposition of pro
tein binding sites that were buried in the folded tRNA, 
thereby allowing novel interactions. Below, I discuss a 
few examples of the roles of tRNA fragments in different 
cellular contexts.

Stress-induced capture of YBX1 and translation inhib-
ition by tiRNAs. As stated earlier, because angiogenin  
generated tRNA fragments induce stress granules 
and inhibit translation initiation, they were desig
nated as tiRNAs. In one of the early studies of  tiRNAs, 
angiogenin produced 5ʹ fragments of tRNACys and 
tRNAAla were identified as species active in these pro
cesses69. Under stress (such as exposure to reactive 
oxygen  species or UV light), the cold shock domain 
of Yboxbinding protein 1 (YBX1), binds to these 
 5ʹ tiRNACys and tiRNAAla fragments through an  oligo G 
motif that forms a G-quadruplex. This facilitates the 
assembly of ribonucleoprotein (RNP) stress granules, 
which sequester mRNAs and displace and/or block the 
eukaryote initiation factors eIF4G and eIF4A from 
the translation initiation complex. Without the pres
ence of these initiation factors in the preinitiation 
complex, capped and uncapped mRNAs cannot bind 
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Cytochrome c
A small haem-containing 
mitochondrial protein that is 
essential for electron transport.

Apoptosome
An oligomeric protein complex 
minimally comprising 
cytochrome c and apoptosis 
protease-activating factor 1 
(APAF1), which cleaves a 
protease precursor 
(pro-caspase 9) that then 
triggers downstream protein 
cleavage events leading to 
cell death.

Hormone‑sensitive cancers
Cancers that grow when 
stimulated by specific 
hormones, such as oestrogen 
or testosterone.

to the pre initiation machinery70,71. The end result is 
that translation is inhibited, which promotes cell energy 
conservation (FIG. 5a). Since this discovery, tRNA frag
ments have been implicated in signalling pathways not 
directly related to protein synthesis (see below).

Many stresses induce tRNA fragmentation events. 
tRNA fragments are abundant in the sera of vertebrates 
from fish to humans, with some tRNA fragments being 
consistently more abundant than others and conserved 
across vertebrates72. Notably, levels of circulating tRNA 
fragments are sensitive to various conditions, including 
acute inflammation, ageing, calorie restriction, acute 
kidney disease and tissue damage, and therefore might 
be useful as noninvasive biomarkers72–74.

Do tRNA fragments serve defined functions upon 
exposure to these different stresses? In a specific exam
ple, it was shown that in the context of hyperosmotic 
stressinduced apoptosis of mouse embryonic fibro
blasts, tRNA halves captured cytochrome c, which is 
released from mitochondria during apoptosome forma
tion75. These angiogeningenerated tRNA fragments 
bound directly to cytochrome c, forming an RNP 
complex and thereby sequestering cytochrome c and 
preventing its function in the initiation of apoptosis. 
This was associated with extension of cell survival after 

hyperosmotic stress (earlier work with a different exper
imental design showed that intact tRNAs also bind to 
cytochrome c and block apoptosis76). Thus, tRNA frag
ments can be directed to a specific protein target during 
stress, modulating cellular responses.

Role of tRNA fragments in tumorigenesis. Generation 
of tRNA fragments has been shown to be involved 
in regulating tumorigenesis. One example includes 
directed destruction of prooncogenic transcripts 
induced by tRNA fragmentation77. Ybx1 is an essential 
gene in mice,78 and apart from being involved in the 
formation of stress granules, YBX1 binds to and stabil
izes many RNA targets (a broad analysis revealed a vast 
YBX1dependent regulon comprising 4,000 RNAs, 
with a majority of targets bound at their 3ʹuntrans
lated regions or exons, and covering many different 
cellular pathways associated with cell cycle, glucose 
catabolism and other pathways77). Importantly, YBX1 
is over expressed in many human cancers79–81, where it 
stabilizes tumourpromoting transcripts. In a specific 
example, YBX1 was shown to bind to the  3ʹuntranslated 
regions of prooncogenic transcripts associated with 
MD Anderson (MDA) metastatic invasive ductal carci
noma cell lines and to protect these metastasisdriving 
transcripts. However, this protection is abolished under 
hypoxia, when YBX1 is captured by 5ʹ tRNA fragments 
(generated by an unknown nuclease; see also above) 
and diverted from stabilizing these tumourpromoting 
transcripts77 (FIG. 5b).

As another example, an investigation into hormone- 
sensitive cancers suggested that tRNA aminoacylation 
was a cue for their angiogeninmediated fragmenta
tion into tiRNAs. In this study, upregulated amino
acylated tRNA fragments were specifically corre lated 
with tumour development47 (FIG. 5c). It is possible that a 
high level of aminoacylation is linked to the increased 
demands for protein synthesis associ ated with the rapid 
growth characteristic of tumour cells. Additionally, 
other work in mouse embryonic fibroblasts under 
stress showed a positive correlation between protein 
synthesis rates and angiogeninmediated tRNA cleav
age82. How the aminoacylated tRNA fragments promote 
tumorigenesis is not known. In other studies, down
regulation of specific tRNA derived, small noncoding 
RNAs (tsRNAs) was associated with chronic lympho
cytic leukaemia83. Although further work is needed 
to better understand the role of tRNA fragments in 
cancer, it can be concluded that tRNA fragments are 
broadly associated with both haematopoietic and solid 
malignancies and possibly serve oncogenic or tumour 
suppressor functions, depending on the tRNA and  
tumour type.

Angiogenin and tRNA fragmentation in the regula-
tion of haematopoiesis. During haematopoiesis, all 
blood cell types are produced from primitive haemato
poietic stem cells (HSCs) that, in adults, are located in 
the bone marrow and lymphatic tissue. Remarkably, 
secreted angiogenin regulates this development by 
both inhibiting and, separately, stimulating protein 

Box 1 | Mischarging tRNAs for adaptive translation

In most instances, a single gene encodes each cytoplasmic and each mitochondrial 
aminoacyl tRNA synthetase (aaRS). The aaRSs attach their cognate amino acids in a 
two‑step reaction: amino acid activation with ATP to form an aminoacyl adenylate 
(AA‑AMP) and pyrophosphate (PPi) (1), and subsequent reaction with the 2ʹ‑ or 
3ʹ‑OH of the 3ʹ‑end of the matching tRNA to form an aminoacyl ester (AA‑tRNA), 
accompanied by the release of AMP and free aaRS (2). 
AA + ATP + aaRS → aaRS (AA‑AMP) + PPi (1) 
aaRS(AA‑AMP) + tRNA → AA ‑tRNA + AMP + aaRS (2)

Typically, accuracy of aminoacylation (consistent attachment of the correct 
amino acid matched with the anticodon of the tRNA) is critical for cell and 
organism survival. For example, a small amount of misacylation of Ser onto 
alanine‑specific tRNA (tRNAAla) results in neurodegeneration in mice133. To limit 
these errors, aaRSs developed editing sites that remove a mischarged amino acid 
from its tRNA partner.

However, a degree of physiological amino acid misincorporation is important for 
cell adaption to stress or other signals. The two main mechanisms responsible 
for this misincorporation include codon ambiguity (for example, a codon normally 
assigned to leucine is reassigned to leucine and serine, as described in Candida 
albicans134) and loss of editing activity of the aaRS (as described in Mycoplasma 
spp.135). Specific adaptive responses resulting from amino acid misincorporation 
have been documented in microorganisms136–138. In mammalian and other eukaryotic 
cells, natural mistranslation by methionyl-tRNA synthetase (MetRS) is a response to 
oxidative stress, resulting in methionine attachment to non-methionine tRNAs to 
boost methionine incorporation into cellular proteins for temporal protection from 
stress-induced oxidative damage139–141.

Another mechanism, the biological relevance of which is under investigation, 
exploits subtle features of tRNA recognition. Recognition of tRNAAla by alanine tRNA 
synthetases (AlaRSs) across evolution is critically dependent on the presence of a 
G3:U70 base pair in the tRNA. However, in mammalian cells, AlaRS can naturally 
mischarge cysteine‑specific tRNA (tRNACys) with alanine. Interestingly, tRNACys has a 
G4:U69 base pair. While bacterial AlaRS cannot acylate a G4:U69‑containing tRNA, 
the capacity for forming Ala‑tRNACys by the human protein is due to a mutual 
adaptation of AlaRS to the G4:U69 bp of tRNACys. The human enzyme has a key 
sequence element not found in bacterial AlaRSs, which enables mischarging142.
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Figure 5 | tRNA fragments in the regulation of cell biology. a | Cellular 
stress promotes angiogenin-mediated cleavage of tRNAs, which generates 
translation interfering tRNA (tiRNA) halves. 5ʹ-tiRNAs, in particular 
fragments of alanine‑specific tRNA (tRNAAla) and cysteine-specific tRNA 
(tRNACys), fold to form G‑quadruplexes, which interact with Y‑box‑binding 
protein 1 (YBX1). This leads to the formation of ribonucleoprotein‑based 
stress granules, which sequester mRNAs and translation factors, leading to 
global inhibition of translation and thereby promoting cell energy 
conservation and cell quiescence in the event of stress. b | In ductal 
carcinoma, YBX1 binds to transcripts associated with metastatic potential 
and protects them from degradation. tRNA fragmentation leads to the 
sequestration of YBX1 as a result of interactions with tRNA fragments. 
Consequently, pro‑metastatic transcripts are degraded. Thus, tRNA 
fragmentation may have anti-metastatic potential. c | In hormone‑sensitive 
cancers (such as oestrogen receptor (ER)‑ and androgen receptor 
(AR)‑positive cancers), high levels of aminoacylated 5ʹ tiRNAs are observed 
(known as sex‑hormone‑derived tiRNAs or SHOT RNAs). 5ʹ‑SHOT RNAs 
promote cancer cell proliferation through an unknown mechanism. d | The 
dichotomous role of angiogenin in translation during haematopoiesis. 
In haematopoietic stem cells (HSCs), angiogenin is targeted to stress 

granules, where it is involved in the generation of tiRNAs. High levels of 
tiRNAs block translation, promoting HSC quiescence (see part a). In myeloid 
progenitors, angiogenin is targeted to the nucleus, where it promotes rRNA 
biogenesis, thereby favouring proliferation. tRNA fragments may also play 
a role favouring proliferation. e | In sperm, high levels of tRNA fragments 
— in particular, a 5ʹ-fragment of tRNAGly/CCC — are observed. These 
fragments inhibit expression of genes under the control of retrotransposons 
and have been linked to epigenetic inheritance of metabolic traits by the 
progeny, which is regulated by paternal diet. As these fragments can 
harbour a large variety of base modifications, it is possible that their 
functions are modulated by the environment through these modifications. 
f | Modification of tRNAs by 5‑methylcytosine (green hexagons) in the 
variable loop, which is instigated by the methyltransferase NSUN2, inhibits 
angiogenin‑ mediated tRNA fragmentation. NSUN2 depletion stimulates 
tRNA fragmentation and tiRNA generation. These tiRNAs inhibit translation 
and restrict tumorigenesis by inhibiting proliferation and metastatic 
potential (compare parts a, b and d). Accordingly, in various cancers, NSUN2 
is overexpressed. Nevertheless, NSUN2 ablation in the context of cancer 
will promote the formation and maintenance of tumour-initiating 
‘stem cells’ because some transcripts escape repression.
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Epididymis
A narrow, tightly coiled tube 
several metres in length that 
serves as the site of sperm 
maturation.

Retrotransposon
DNA genetic element that 
copies itself by reverse 
transcription through an RNA 
intermediate and can insert 
itself at various target sites 
within the genome. These 
elements are widespread  
in the human genome.

Microcephaly
A size of head that is at least 
two standard deviations below 
that of a normal head.

RNA world hypothesis
The hypothesis that RNA 
appeared before proteins and 
had many of the catalytic and 
ligand-binding characters of 
the modern proteins that 
eventually took over many 
of these functions.

synthesis, depending on the cell type (that is, HSCs 
versus lineagecommitted myeloid progenitor cells). 
In HSCs, angiogenin is translocated to stress granules, 
where it is involved in generating tiRNA fragments 
that inhibit protein synthesis to maintain a quiescent 
cell state. However, in myeloidrestricted progenitors, 
in addition to a possible role for tiRNAs, angiogenin 
acts in the nucleus, where it promotes ribosomal RNA 
production, thereby enhancing protein synthesis and 
enabling proliferation. Thus, both secreted angiogenin 
and the tRNA fragments it generates orchestrate a novel, 
noncell autonomous and dichotomous regulation of 
protein synthesis, which is determined by the cellular 
environment84 (FIG. 5d).

tRNA fragmentation regulates epigenetic inheritance. 
Early work on epigenetic inheritance of traits showed 
that the male parental diet can affect offspring metabo
lism and that metabolismregulated epigenetic changes 
to sperm affect metabolic regulation of the progeny85,86. 
Interestingly, there has been growing appreciation that 
epigenetic DNA modifications alone could not explain 
the male contribution to epigenetic inheritance. For 
example, DNA methylation patterns in sperm DNA 
had no correlation with spermdirected, dietrelated 
epigenetic inheritance87. A surprise came from data 
showing that transmission of an acquired male pheno
type could be mimicked by injection of spermderived 
RNA fragments into fertilized, wildtype oocytes88. 
This work clarified, with a direct functional observa
tion, an earlier study showing that RNAs had a role in 
epigenetic inheritance89. Together with a subsequent 
finding that tRNA fragments are abundant in sperm90, 
these findings led to a pair of independent studies that 
confirmed the  significance of tRNA fragments for 
epigenetic inheritance91,92.

In one study, the inheritance of the metabolic pheno
type regulated by the male’s diet was demonstrated by 
zygotic injection of spermderived small RNAs91. In the 
other investigation, the population of small RNAs was 
shown to increase during matur ation of sperm in the 
epididymis92. The vast majority of these small RNAs 
were derived from tRNAs, where a 5ʹfragment of 
tRNAGly/CCC was especially promin ent; however, the 
rationale for the prominence of this particular tRNA 
species has not been established. In embryonic stem 
cells and mouse embryos, this fragment repressed genes 
under control of the MERVL retrotransposon, which is 
a wellestablished regulator of early, preimplanta
tion development93 (FIG. 5e). Because approximately 
half of the mammal ian genome is derived from retro
transposons, we see potential for a broad connection 
of tRNA fragments with retrotransposon encoded 
information and its related activities. This connection 
could mean that the epigenetic role of tRNA frag
ments is much larger than imagined. Because sperm 
tRNA fragments  harbour various RNA modifi cations 
that are sensitive to environ mental changes, frag
mentations provide a large reservoir of RNA micro
species that might serve as  storage vehicles for paternal 
epigenetic information91.

tRNA fragmentation modulated by base modification 
in stem and tumour cells. As indicated above, base 
modifications are clear determinants of the biology 
associated with tRNA fragments, and for that reason, 
their elucidation and characterization rose to promin
ence2,7,8. So far, most investigated base modifications of 
tRNAs are inhibitory to nuclease cleavage. One example 
is modification of tRNAs by  5methylcytosine (m5C) 
(FIG. 2a). Lack of m5C methylation (in the variable loop) 
— which is instigated by the methyltransferase encoded 
by Nsun2 — removes the block of m5C modification 
on angiogenin cleavage to produce tiRNAs that inhibit 
translation8,94–97. This is because angiogenin binds 
more tightly to tRNA substrates that lack the specific 
m5C modification94. Similarly, the methyltransferase 
Dnmt2 (also known as tRNA (cytosine(38)5(5)) 
methyltransferase) has been shown to protect tRNAs 
from fragmentation95.

This protective role of methylation against tRNA 
fragmentation has physiological implications. 
For instance, NSUN2 deletion is associated with 
 microcephaly and other brain abnormalities in mice 
and humans. Mechanistically, a lack of NSUN2 was 
shown to induce angiogenindependent cellu lar stress 
and to sensitize cells to stress stimuli, which results in 
neuronal cell death and neuron depletion94. In another 
study, Nsun2 deletion delayed differentiation of mouse 
hair follicle stem cells98,99. By contrast, NSUN2 is 
upregulated in epithelial tumours and expressed in 
mouse and human squamous cell carcinomas, with 
high NSUN2 expression being concentrated in  rapidly 
growing cells. In a mouse model for humanlike 
squamous carcinoma, translation was high in differ
entiating committed progenitors and paralleled the 
upregulation of NSUN2 in the hightranslation tumour 
cells of this model. Ablation of Nsun2 in this tumour 
model led to a low rate of translation as expected, 
but this was associated with an increase in a popula
tion of cells in an undifferentiated tumour initiating 
state (FIG. 5f). The ablation resulted in an increase 
in angiogenin produced tiRNA fragments that globally  
reduced protein  synthesis. However, the tumour 
initiating cells were maintained in a translationlow 
environment because the effects of Nsun2 deletion 
on protein synthesis are not complete, meaning that  
some transcripts escape repression and can support  
cell maintenance98.

Collectively, a single base modification can majorly 
impact angiogenindirected fragmentation of tRNAs, 
and these effects penetrate complex, highly speci
fic regulatory pathways, such as cell fate decisions 
and proliferation.

tRNA complexity and evolution
For decades after the discovery of tRNA, and later 
stimulated by the explanatory power of the RNA world 
 hypothesis, the origin of tRNA and the genetic code 
was the subject of speculative papers and related 
experimental investigations. Evolutionary schemes 
for development of the genetic code took notice of 
the twodomain overall structure of tRNA and the 
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Mauriceville plasmid
A circular DNA that replicates 
in some strains of Neurospora 
crassa through an RNA 
intermediate that has a 
tRNA-like structure at 
its 3ʹ-end.

Telomerase
A ribonucleoprotein that 
catalyses the addition of 
nucleotide-repeat elements 
to the ends of chromosomes.

Ischaemia
A shortage of blood supply 
that deprives tissues of the 
oxygen and glucose needed 
for cell survival.

Extracellular vesicles
Membranous vesicles released 
from cells and containing 
proteins, RNAs and other 
cellular constituents.

Artificial intelligence 
systems
Computer programmes 
that are designed to make 
choices and decisions, 
and solve problems, 
by cognitive human-like, 
experience-based learning.

Neutral drift
The hypothesis that, at the 
molecular level, non-harmful 
(neutral) mutations are the 
main anomalies accounting for 
gene sequence variations 
among and between species 
in evolution.

segregation (into separate domains) of the trinucleo
tide of the code (anticodon) from the amino acid 
attachment site (FIG. 1a). Interestingly, the presence of 
specific acceptor stem nucleotide determinants in the 
minihelix domain of tRNAs is necessary and sufficient 
for aminoacylation by at least half of the tRNA syn
thetases17,100–109. These and related results supported the 
idea of a primordial code110–113, a precursor to the mod
ern genetic code that is determined by the acceptor stem 
nucleotides proximal to the 3ʹterminal CCA site of 
amino acid attachment in emerging tRNA molecules114.

The 3ʹends of some RNA viruses — for exam
ple, Qβ bacteriovirus, brome mosaic virus and turnip 
yellow mosaic virus, among others — terminate in a 
minihelix or tRNAlike structure with the 3ʹCCA 
trinucleotide115. This structure is a recognition signal 
for replication initiation. Additionally, the Mauriceville 
plasmid of Neurospora crassa mitochondria replicates 
through an RNA intermediate, the 3ʹend of which 
resembles the minihelix of tRNA. The Mauriceville 
reverse transcriptase, which copies an RNA inter
mediate into DNA, is speculated to be a ‘transitional 
genome’ that links the evolution of modern retro
viruses to the telomerase reverse transcriptase (which 
uses an internal RNA primer terminating in CCA) and 
the earliest replicating RNA genomes116–118. Indeed, 
specific tRNAs, such as tRNALys and tRNAPro for HIV 
and murine leukaemia virus replication, respectively, 
are packaged in virions and serve as primers (for DNA 
synthesis) by reverse transcription119,120. The connection 
of tRNA to replication of RNA genomes and to reverse 
transcription suggests an intimate relationship of the 
evolution of  aminoacylation and translation to RNA 
and DNA synthesis.

A tRNA halfmolecule, or similar fragments, could 
have appeared early113. These fragments may have 
 broken out from replicating RNA genomes as active bio
logical agents, which then were used in the ‘assembly’ of 
the tRNA molecule. For example, the 5ʹhalf of a tRNA 
could have served as a template to create a comple
mentary molecule, which (with some rearrangements 
involving diversification and recombination) could have 
evolved into a full tRNA109,113 (FIG. 6, left). Of possible 
relevance, many eukaryote tRNA precursors have an 
intron inserted at the 3ʹ side of the anticodon triplet to 
more or less split the tRNA into halves121. This insertion 
divides the tRNA into halves, where much of one half is 
complementary to the other.

Further considering the evolution of tRNAs and 
their complexity, the unusual split of tRNA genes in 
Archaea are of particular interest122. Geneencoded 
tRNA fragments at distinct locations in the chromo
some are synthesized and joined together in trans by 
splicing (FIG. 6, right). Such fused tRNA sequences 
might have been integrated into the genome by means 
of retrotransposition. This and other examples pro
vocatively suggest origins and early functions of tRNA 
halves that are intimately connected with the evolution 
of tRNA itself. Indeed, modern tRNAs are suggested 
to originate from tRNA halves combining through a 
repeatelement  mediated mechanism123.

Could this line of thought on tRNA origins be rele
vant to how the sperm tRNA fragments influence early 
embryogenesis by targeting repetitive transposable 
elements (see above)? Similarly, perhaps tRNA modifi
cations developed from selective pressure for more 
highly differentiated surfaces and pockets and for a 
larger diversity of the catalytic potential of RNAs. These 
activities were eventually achieved through using RNA 
to make proteins instead124 and to have utility in signal
ling pathways. Finally, evolving regulatory pathways 
that required subtle adjustments associated with tissue 
specific expressions of particular isoacceptors and iso
decoders may have driven the expansion of tRNA genes 
in higher eukaryotes.

Concluding remarks
The entirely unexpected reach of tRNAs into bio logical 
processes outside of translation has, if nothing else, 
brought out many unanswered questions125. For exam
ple, what are the mechanisms that give rise to tiRNAs 
and tfRNAs that can either suppress or promote tum
origenesis? Why should sex hormonedriven cancers be 
sensing specific charged tRNAs and targeting them for 
cleavage by angiogenin? Given the close connection of 
tRNA synthetases and their splice variants with tRNA 
biology, will these proteins emerge as central players 
for transactions with tRNA fragments? The signifi
cance of the increasing number of tfRNAassociations 
in the aetio logy of diseases ranging from multiple 
 cancers (beyond what is discussed above) to ischaemia 
is completely open to further analysis126–128. The recent 
demonstration of the presence of tfRNAs in extracellular 
vesicles and their potential for intercellular trafficking 
and  communication adds another dimension129.

In general, the purpose of the vast complexity of 
tRNA species is an outstanding issue. To understand 
this overwhelming complexity, the analogies and  lessons 
of modern artificial intelligence systems can be instruc
tive. Perhaps the combinatorial complexity of tRNA 
modifi cations and fragments originated as a random 
evolution ary process in which a large ensemble of pos
sible combinations was stochastically built up and not 
neces sarily sampled, but rather became a reservoir of 
possibilities for neutral drift as well as positive and neg
ative selection to act upon. This could potentially facili
tate cell fitness, even without ever attaining a theoretical 
‘optimum’, which is the final goal of gaming in modern 
artificial intelligence programmes. Current thinking 
is that the complex biology of the tRNA world origin
ated in a more simple state, with complexity building 
up through the process of evolution. In this sense, the 
artificial intelli gence game scenarios differ in that they 
start out with an established initial complexity.

To build upon the comparison of the evolution of 
tRNA complexity, let us take a closer look at a situation 
when an advanced artificial intelligence system com
petes in the game of Go (a twoplayer board game, in 
which the main aim is to ‘conquer’ a larger territory of 
the board than the opponent using equivalent pieces, 
called stones) with human opponents. For this pur
pose, artificial intelligence systems obtained winning 
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solutions by means of training algorithms that were reit
erated millions of times, using databases of moves made 
in championship games, as well as by having machines 
play against themselves130,131. By one estimate, there are 
as many as 10170 possible moves — a number that the 
most powerful computer cannot begin to sample130. Yet, 
the artificial intelligence system repeatedly achieved 
victory against the most advanced human opponents, 
and the ways in which these victories occurred are 
not understood.

As discussed above, the number of microstates of 
tRNA ensembles greater than 10100 is, in principle, 
within reach. While no cell can hold all possibilities at 
one time, its environment may favour certain possibil
ities under one condition and others under another. 
In the game of Go, ‘winning solutions’ can be obtained 
in many different ways, some of which might not  follow 
strict logic but might rather be tries or guesses, fol
lowed by learning from the result — winning or  losing 
— which enhances the ability to win next time. The 
result is a form of intuition. This may be the rationale 

for the complexity of the tRNA world: to have suffi
cient  capacity to acquire many notunique states that, 
depending on the condition, will modulate various 
cellular processes and adapt them to the current needs.

Winning solutions are those that ensure homeo
stasis. The theme of achieving balance is reproducibly 
repeated in the literature reporting on the emerging 
new biology of tRNAs. Even angiogenin is balanced 
with its natural inhibitor RNH1 (REF. 132). This balanc
ing facilitates homeostasis, and disease results when 
the ‘tipping point’ of homeostasis is reached. In that 
connection, tRNAlinked diseases inform us about 
losing solutions by demonstrating that, despite many 
potential homeostatic states instigated by the ‘tRNA 
code’, there are major tRNAbased regulatory nodes 
that cannot be bypassed. It is these nodes that were 
uncovered in the work described above. The contin
uing efforts to investi gate the tRNA world will help us 
learn more about the principles of life and may show 
how life as we know it could have evolved from the 
power of complexity.

Figure 6 | Emergence of tRNA structure from its individual domains. In one scheme (upper left), a minihelix with 
primitive (‘second genetic code’) specificity determinants for aminoacylation (coloured bars) near the 3ʹ-amino acid 
acceptor site is transcribed into a complementary anti-minihelix. Hybridization of the two complementary hairpin loops 
(shown as black dashed lines) possibly stabilized by a corner-binding chaperone-like small protein such as Trbp111, creates 
an L-shaped structure that recombines into a full tRNA. In this scheme, the anticodon is constructed from the nucleotides 
of the ‘second genetic code’. The coloured dotted lines between the minihelix and anti‑minihelix show where 
transesterification reactions join the two structures into the final cloverleaf, with an additional joining at the 3ʹ-side of the 
anticodon (fused position). The dashed arrow shows where the proto‑anticodon is fused into the anti‑minihelix. In the ‘split 
tRNA’ model (upper right), the two domains of tRNA originate as separate elements (as seen in the genomes of some 
Archaea) and are fused together (fused position) to create a full tRNA. In both cases, the individual domains could have 
served as early signalling molecules independent of their later role in the construction of the full tRNA. Accordingly, in 
reverse of the recombination and fusion events, cleavage at the single-stranded anticodon of the nascent tRNA generates 
tRNA half-molecules, which as seen in FIG. 5 are important transducers of different signalling pathways.
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