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Abstract: Mitochondria are the powerhouses of eukaryotic cells. They are considered as
semi-autonomous because they have retained genomes inherited from their prokaryotic
ancestor and host fully functional gene expression machineries. These organelles have
attracted considerable attention because they combine bacterial-like traits with novel
features that evolved in the host cell. Among them, mitochondria use many specific
pathways to obtain complete and functional sets of tRNAs as required for translation. In
some instances, tRNA genes have been partially or entirely transferred to the nucleus and
mitochondria require precise import systems to attain their pool of tRNAs. Still, tRNA genes
have also often been maintained in mitochondria. Their genetic arrangement is more diverse
than previously envisaged. The expression and maturation of mitochondrial tRNAs often use
specific enzymes that evolved during eukaryote history. For instance many mitochondria use
a eukaryote-specific RNase P enzyme devoid of RNA. The structure itself of mitochondrial
encoded tRNAs is also very diverse, as e.g., in Metazoan, where tRNAs often show non
canonical or truncated structures. As a result, the translational machinery in mitochondria
evolved adapted strategies to accommodate the peculiarities of these tRNAs, in particular
simplified identity rules for their aminoacylation. Here, we review the specific features of
tRNA biology in mitochondria from model species representing the major eukaryotic groups,
with an emphasis on recent research on tRNA import, maturation and aminoacylation.
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1. Introduction

The understanding of mitochondrial biology has important societal implications, primarily because
mitochondrial dysfunctions often result in serious disorders such as myopathies or other neuro-degenerative
diseases in human [1]. Similarly, in other eukaryotes such as plants, mitochondrial (mt) mutations also
result in serious dysfunctions, in particular cytoplasmic male sterility, a genetic trait widely used for
agronomy [2]. Mitochondria, together with chloroplasts in some phyla, are the power stations of
eukaryotic cells. They are the sites where essential energy production processes such as oxidative
phosphorylation and the tricarboxylic acid cycle are performed. Mitochondria are frequently referred to
as semi-autonomous because they contain genomes as well as comprehensive gene expression
machineries. This occurrence strongly contributed to revitalizing the endosymbiotic model [3—5]. The
availability of many complete mt-genome sequences has strongly established the eubacterial lineage of
mitochondria. However, besides the a-proteobacterial origin of these organelles, it was also recently
proposed that a “pre-mitochondrion” membrane-bound metabolic organelle that already encompassed
many of the non-energy-related functions of modern mitochondria pre-existed before the a-proteobacterial
endosymbiosis [6]. Contemporary mt-genomes still encode a relatively well-conserved core set of genes.
It is composed of two major classes of genes encoding key components required for energy production
such as subunits of the respiratory chain complexes and factors required for mt-translation, in particular
tRNAs. While mt-genome structures greatly vary, gene content is not correlated with the disparity of
genome sizes. It is rather gene density that varies among genomes. For example, it is remarkable that
the 16.5 kb human mt-genome is 22 times smaller than Arabidopsis mt-genome but encodes as many as
one quarter of the genes present in Arabidopsis [7]. The examination of the residual mt-genes in all phyla
shows that the only direct or indirect function of mt-genomes is to express respiratory proteins.

Still, mt-genomes are far from being able to express all the components needed to assemble the
respective complexes, in particular to sustain functional translation machineries. The remaining proteins
and RNAs required, in particular tRNAs as well as all the proteins involved in the biogenesis of
mitochondrial encoded tRNAs (mt-tRNAs) are coded in the nucleus, expressed in the cytosol and have
to be imported into mitochondria. In view of this, it is evident that mt-biogenesis absolutely depends on
nuclear encoded factors and that precise communication and regulatory processes are required between
mitochondria and the nucleus for mt-biogenesis [8]. While protein import processes are comparatively
well characterized [9], the understanding of tRNA import regulation, mechanisms and evolutive diversity
remains a challenge [10-12].

Beyond the universal conservation of core mt-functions of prokaryote origin, it is remarkable that
mt-gene expression relies on a wide and diverse array of specific processes that have arisen during
eukaryote evolution [13,14]. Among them, mitochondria use many original processes for the expression
and maturation of tRNAs. These processes involving a number of recently recognized factors are
reviewed here together with the import pathways required to reach the full set of tRNAs in mitochondria
as well as the original features that define the structure and function of mt-tRNAs.
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2. The Pool of tRNAs in Mitochondria Consists of Encoded and Imported tRNAs
2.1. Distribution and Origin of tRNAs Encoded in Mitochondria

The increasing availability of complete mt-genomes from different species and their bioinformatics
analysis allowed the identification of mitochondria-encoded tRNA genes in numerous organisms. These
analyses show that mt-genomes encode a variable set of tRNAs derived from the a-proteobacterial
ancestor (Table 1). The translation of the few proteins encoded in the mt-genome requires at least 20-22
different tRNAs, depending on the genetic code and the wobble rules. However, the presence of
a complete minimalist set of tRNA genes encoded by the mt-genome is more an exception than
a general rule [15]. The lack of tRNA genes goes from one tRNA (e.g., in the marsupial metazoan
Didelphis virginiana) to the most extreme situations in protozoans such as trypanosomatides
(e.g., Trypanosoma brucei, Leishmania tarentolae) and alveolates (e.g., apicomplexans such as
Plasmodia, Toxoplasma) where the mt-genomes can be completely devoid of tRNA genes. Interestingly,
species with many missing mt-tRNA genes can be closely related to species that have a full set of
mt-tRNA genes [16]. For example in fungi, Saccharomyces cerevisiae encodes for a complete set of
tRNA genes whereas Spizellomyces punctatus encodes for only eight mt-tRNA genes [17]. Similarly,
the alga, Nephroselmis olivacea encodes a complete set of tRNA genes, whereas Chlamydomonas reinhardtii
codes for only three mt-tRNA genes [18]. This indicates that the loss of tRNA genes is not consistent
with the assigned phylogenetic positions and probably occurred during multiple independent events.
A particularity of plants is that, mt-genomes of angiosperms (flowering plants) acquired tRNA genes of
different origins during evolution [19]. For example, the native genes for tRNAH® and tRNAAS were lost
in all angiosperms investigated so far and have been replaced by chloroplast-like genes [20]. Similarly,
a tRNA®* gene of bacterial origin was acquired by horizontal gene transfer during angiosperms
evolution [21]. However, the acquisition and integration of foreign tRNAs is exceptional and missing
mt-tRNAs are most of the times compensated by the import of nucleus-encoded tRNAs.

Table 1. Overview on mitochondrially encoded tRNA genes and extent of tRNA import in
mitochondria of representative eukaryotic taxonomic groups and species. The number of
tRNA genes encoded by the mt-genome that are indicated, including duplicated genes.
Genbank accessions and references that allowed numbers determination are indicated.
The tRNAs missing and/or imported are designated by the specificity of their anticodons
indicated by the amino acid one-letter code; tRNA isoacceptors are distinguished by their
anticodon. References are given for cytosolic tRNAs for which import has been experimentally
proven; n.d. mitochondrial genomic sequence not available. Adapted from references [15,22].

tRNA Genes tRNA Genes References
Import
Species Encoded by the Missing/not tRNA tRNA
Demonstrated
mt-Genome Expressed Content Import
Metazoans
Mammals
Homo sapiens 22 0 Q NC 012920 [23]

Didelphis virginiana 21 K K NC 001610 [24]
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tRNA Genes tRNA Genes References
Import
Species Encoded by the Missing/not tRNA tRNA
Demonstrated
mt-Genome Expressed Content Import
Molluscs
Crassostrea gigas 18 A,F, S AF177226
Cnidarians
Metridium senile 2 all but 2 NC_000933
Fungi
Ascomycotes
Saccharomyces cerevisiae 24 0 L,Q NC 000933 [25,26]
Chytridiomycotes
NC 003052
Spizellomyces punctatus 8 all but 8 NC _003061
NC 003060
Plants
Bryophytes
Marchantia polymorpha 29 0 [0AD) | TAGU) y/(AAC) NC_001660 [27] [28-30]
Angiosperms
Arabidopsis thaliana 22 all but 15 F, W NC 001284 [31,32]
Nicotiana tabacum 23 at least 6 A,GV NC_006581 [33-36]
Solanum tuberosum 20 at least 7 AGLLRTV [37] [38—40]
Triticum aestivum 16 14 A,G,H, 1Y L R,V NC_007579 [41]
Gymnosperms
A,G,F, 10AV 1 K, P,
Larix leptoeuropaea n.d at least 11 S(GCY), UG, T,y [39]
Chlorophytes
Chlamydomonas reinhardtii 3 all but 3 for 31 tRNAs NC 001638 [42]
Scenedesmus obliquus 27 T NC 002254
Nephroselmis olivacea 26 0 NC_008239
Other eukaryotes
Jakobides
Reclinomonas americana 26 T NC 001823
Ciliophores
Tetrahymena pyriformis 10 all but 10 for 26 tRNAs NC 000862 [43-45]
Trypanosomatides
Leishmania tarentolae 0 all all except QU9 [46-48]
all except initiator M
Trypanosoma brucei 0 all [22,49,50]
and U
Apicomplexans
Plasmodium falciparum 0 all CF NC 002375 [51]
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2.2. Mitochondrial Import of tRNAs

Contrary to initial thoughts, tRNA import into mitochondria is widespread and the number of imported
tRNAs varies across species and phyla (Table 1). An overview of the different aspects of tRNA import
is presented here to supplement reviews on that topic (e.g., [10-12,22,52—55]). Import is obvious for
organisms where mt-tRNA genes are missing while proper mt-translation has to be performed. However,
experimental data also showed that organisms that encode a presumably complete set of mt-tRNAs can
also import cytosolic tRNAs as demonstrated in S. cerevisiae and human mitochondria [23,25,26].
In these instances where imported tRNAs seem to be redundant, import can be important in certain
conditions, as shown in S. cerevisiae with the necessity to import cytosolic tRNAMSCUY to decode
a lysine codon under stress conditions [56]. In some cases, the import can be underestimated, e.g., the
analysis on C. reinhardtii mitochondria showed that 31 cytosolic tRNAs are imported instead of the
22 expected ones [42]. Therefore, the functional reasons and numbers of imported tRNAs are difficult
to predict and individual experimental analyses are required.

2.2.1. Determinants for tRNA Import

In all the organisms studied so far, the imported tRNAs derive from cytosolic tRNAs that are also
essential for cytosolic translation. Not all the cytosolic tRNAs are imported into mitochondria: some are
exclusively in the cytosol and others are shared between cytosol and mitochondria. The question of how
the cell discriminates between imported and cytosol-specific tRNAs has been studied in various
organisms and different approaches have been used to identify determinants in imported tRNAs or
antideterminants in cytosol-specific tRNAs. Results indicate that tRNA import signals are present on
mature tRNAs only and that they are as diverse as the number of organisms studied [20,22]. The main
reason that could explain why multiple import signals have been identified is that import determinants
may depend on protein import factors interacting with tRNAs all along the import process [10].
There are only few examples where import determinants are necessary and sufficient for the in vivo
mitochondrial or cytosol-specific localization of tRNAs, i.e., for tRNAYS in S. cerevisiae [57,58],
tRNAS in Tetrahymena thermophila [58,59] and the cytosol-specific initiator tRNAM® and tRNAS in
T. brucei [60,61]. In plants, import signals that are necessary and sufficient for mt-localization could not
be identified and only mutations abolishing import have been described [62,63]. Import selectivity
remains puzzling as tRNAs of identical sequence in two species can be imported in one species but not
in the other. Contrary to yeast or human, plant populations of imported tRNAs are strictly complementary
to those of mt-encoded tRNAs, suggesting that only cytosolic tRNAs required for translation are imported
into plant mitochondria [18,63].

2.2.2. Compared Levels of Imported tRNAs

The steady-state level of tRNAs imported into mitochondria corresponds to a small percentage of the
total amount of cytosolic tRNAs. This means that most cytosolic tRNAs are used in the cytosolic
translation machinery. Nevertheless, the proportion of tRNAs found in mitochondria varies for individual
imported tRNAs. For instance, in Leishmania tarentolae, tRNAs are classified into three groups, mainly
cytosolic, mainly mitochondrial and shared between the two compartments, according to their relative
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abundance in the cytosol or mitochondria [64,65]. In T. brucei, the quantification of the abundance of
each tRNA in the cell and in mitochondria revealed that the extent of their mt-localization fluctuates
between 1% and 7.5% [66]. In S. cerevisiae, the imported cytosolic tRNAMSCUY) represents only
3%—5% of the total cellular amount [66,67]. In land plants, no extensive study of mt-tRNA localization
has been performed. However a study on tRNASY isoacceptors in tobacco showed that the imported
tRNASYUCO represents 2.5% of total tRNASYUCO) whereas the imported tRNASYCCO represents 6.5%
of total tRNASGYCCO) [36]. In the green alga Chlamydomonas, an in-depth study showed that out of the
49 cytosolic tRNA isoacceptors, 31 were present within mitochondria. For 28 tRNAs, the extent of
mt-localization ranged from 0.2%-26% and in contrast with other investigated organisms, three tRNAs had
a mt-localization higher than 80%. In particular, tRNA™UYY has an import level of 98% and is thus
regarded as the first example of a nuclear-encoded tRNA exclusively found in mitochondria [42].
Remarkably, the observed steady-state levels of imported tRNAs correlate with the occurrence
frequencies of the cognate codons for both mitochondrial and nuclear genes. This fine-tuning between
tRNA import and the codon usage in Chlamydomonas seems to be the result of a co-evolutive process
rather than a dynamic adaptation of cytosolic tRNA import into mitochondria [68].

2.2.3. Mechanistic Insights into tRNA Import

Mechanisms for tRNA import in mitochondria are complex and their complete understanding in
representative organisms remains a challenge. This process can be broken up into two distinct steps.
First, cytosolic tRNAs have to be deviated from the cytosolic translation machinery in order to be
addressed to the mitochondrial surface. Then, tRNAs have to be translocated through mitochondrial
membranes to finally reach the mt-translation machinery. During these steps, according to the
channeling theory, the tRNA is not “free”” and must be handed from one protein factor to another during
its travel. Experimental analyses of diverse organisms uncovered proteins factors involved in tRNA
import. All these factors had previously identified functions and are therefore described as multifunctional
proteins. In each system, the tRNA import machineries seem to have distinctive features although a
closer view suggests that common concepts are shared. This is illustrated by studies of mt-tRNA import
systems described in three evolutionary divergent organisms (Figure 1).
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Figure 1. Comparative models showing the factors involved in tRNA import in mitochondria
from (a) S. cerevisiae, (b) land plants and (¢) 7. brucei. Black arrows represent characterized
steps of import, whereas grey dotted arrows represent tentative steps. OM and IM stand for
mt-outer and inner membrane, respectively. TIM and TOM stand for translocase of the inner
and outer mt-membrane. The subunits of TOM and TIM complexes are distinguished by
their size given in kDa. Hsp describes different heat shock proteins, Eno2p stands for the
glycolytic enzyme Enolase, aaRS for aminoacyl-tRNA synthetase, VDAC for the Voltage
Dependent Anion Channel, pre-MSK1 for the precursor of the mitochondrial lysyl-tRNA
synthetase, eEFla for the eukaryotic translation elongation factor 1 alpha, and Tb for
Trypanosoma brucei. Proteins shown in grey denote proteins belonging to the protein import
machinery. Adapted from refs [10,22].

The best-described import system is for cytosolic tRNAMSCUY in yeast mitochondria. In this system,
the imported tRNA™® previously charged by the cytosolic lysyl-tRNA synthetase (LysRS) is specifically
recognized and targeted to the mitochondrial surface by Eno2p (a glycolytic enolase). At the mt-surface,
the tRNA is loaded on pre-MSK1 (the precursor of the mitochondrial lysyl-tRNA synthetase) that is
synthesized at the mt-surface and enables the co-import of the tRNA via the protein import machinery
while Eno2p is incorporated in the glycolytic complex associated to the mt-surface [57,69,70]. It is not
yet clear how the translocation step is achieved but since pre-MSK1 can only charge the mt-encoded
tRNAMSUUY) and not the tRNAMWSCUY) | the two molecules must be dissociated inside mitochondria to
accomplish their respective function [58] (Figure 1a). It is noteworthy that components of the ubiquitin/26S
proteasome system, Rpn13, Rpn8, and Doal (ubiquitin binding receptors), interact with the tRNAM* and
the pre-MSK1 and might probably act in a regulatory way [71]. In land plants, in vitro analysis and
biochemical approaches identified the Voltage Dependent Anion Channel (VDAC) as the main translocation
channel through the outer mitochondrial membrane. However, proteins from the protein import machinery,
i.e., TOM20 and TOM4O0, are also involved in tRNA import and probably act as tRNA import receptors [72].
In vitro, tRNAs can enter mitochondria without any added protein factors [34,36,72] whereas in vivo,
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aminoacyl-tRNA synthetases (aaRSs) are required, although their exact role in import has to be
characterized [73]. A protein shuttle system allowing to import any kind of RNA into isolated plant
mitochondria showed that the adjunction of a nucleic acid binding protein improves tRNA import rates
in vitro [74]. This suggests that cytosolic protein carriers, e.g., aaRSs, might be involved in tRNA import
in plant mitochondria in vivo (Figure 1b). In Leishmania tropica, a system involving an inner mt-membrane
RNA import complex was proposed but will not be discussed here as it is controversial and has raised
editorial concerns [75]. Finally, tRNA import was described in 7. brucei. In this organism, all mt-tRNAs
are imported with the exception of the cytosol-specific tRNAM®™ and tRNAS. In vivo and vitro analyses
showed that imported tRNAs interact with the cytosolic elongation factor eEFla indicating that this
factor is implicated in the targeting of imported tRNAs [60,61]. An in vivo system showed that, contrary
to plants, mitochondrial VDAC proteins are not required for import and that two mt-membrane proteins,
i.e., Tb11.01.4590 and Tb09.v1.0420, are part of the import machinery in the inner membrane [76,77].
In addition, the Tim17 and Hsp70 proteins belonging to the protein import machinery of the inner membrane
were shown to be necessary for tRNA import into mitochondria [78]. A nine-subunit complex containing
the Tim17, Hsp70, Hsp60 and Hsp20 proteins belonging to the protein import machinery were pulled-down
with Tb11.01.4590, suggesting that mt-tRNA and protein import machineries in 7. brucei share protein
components. Alternatively, the two systems may constitute a common translocon but this remains to be
established [77] (Figure 1c¢).

Beyond imported tRNAs, in many instances as discussed above, a set of tRNA genes remains encoded
in mt-genomes of most eukaryote phyla. These tRNAs differ in many ways from cytosolic imported
tRNAs. Their characterization and the identification of specific features started even before complete
sequences of mitochondrial genomes became available.

3. Remarkable Structural Features of Mitochondrial tRNAs
3.1. Sequences and Secondary Structure

Among the first mt-tRNAs sequenced at the RNA level were mt-tRNAs from Neurospora crassa [79,80],
S. cerevisiae [81,82] and Phaseolus vulgaris [83—85]. All these fungi and plant mt-tRNAs revealed
primary and secondary structural features in line with canonical tRNAs, especially in terms of folding into
cloverleaves, although peculiarities were noticed in terms of nt-content, low number of post-transcriptional
modifications and changes in the content of conserved residues [86,87].

The big surprise came from the sequences of the bovine and human mt-tRNAS(SCY) jsoacceptors that
lack the complete D-arm [88,89], a feature conserved in all mammalian mt-genomes sequenced to date
that encompass 22 sets of tRNA genes, namely two isoacceptors for tRNAS" and tRNAM and one for
each of the 18 remaining specificities. Beside this peculiarity, mammalian mt-tRNAs show a panel of
other abnormalities ranging from mild to strong, including strong bias in nt-content for the 14 tRNAs
encoded by the light DNA strand (A, U and C-rich tRNAs) and consequently a low number of G—C pairs
in stem domains, large variability in D-loop and T-loop size (even for tRNAs of a same specificity but
from different organisms) and absence in these loops of the conserved and semi-conserved signature
motifs [90]. Figure 2 displays examples of RNA sequences of early investigated mt-tRNAs from lower
fungi, plants and mammals and show how they deviate from cytosolic tRNAs.
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Figure 2. Typical sequences of mt-tRNAs displayed in cloverleaf-representation and
comparison with the structural organization of cytosolic tRNAs. (A) Early examples of RNA
sequences with post-transcriptional modifications shown in standard abbreviations [91] and
deviations from the canonical cloverleaf coloured in red. These RNA sequences correspond
to the first mt-tRNAs sequenced (V. crassa mt-tRNA™¢ and S. cerevisiae mt-tRNAP™), the
first bizarre mt-tRNA sequence (Bos taurus mt-tRNASTCECV)) and the first sequenced plant
mt-tRNA (P. vulgaris mt-tRNAP*); (B) Canonical tRNA cloverleaf folding of cytosolic
tRNAs and the core of the structure organized into seven base layers (including conserved
and semi-conserved residues) that define the tRNA L-shape (R for purine, Y for pyrimidine,
N for anticodon residues, dotted green lines for conserved tertiary pairings, red bars for
atypical interaction present in three of the displayed sequences, but absent in bizarre tRNAS"
and in some other mt-tRNAs and black bars for Watson-Crick interactions) (adapted from
ref. [92]). For comparison, the simplified core within bizarre mt-tRNAS(SCY) i5 shown. Note
that the sequence of P. vulgaris mt-tRNAP™ is of cytosolic-type, with conserved G18, G19,
US55 and C56 needed for specific D/T-loop interaction.
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An even bigger surprise came from the analysis of the mt-genomes from nematode worms indicating

a systematic absence of either the D- or T-arms in several tRNAs (e.g., in Ascaris suum mt-tRNAASP
missing the T-arm and tRNASUCY) with short T-arm and without D-arm [93]). Furthermore, exploration of

mt-genomes from acari, arachnids and nematodes revealed other large degenerations with extremely short

and truncated tRNAs that can lack both D- and T-arms and have aberrant acceptor stems [94], as in acariform

mites (e.g., from the genera Dermatophagoites, Panonychus, Walchia [92] or Demodex [95]) and in the
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nematode Enoplea group (e.g., in Mermithidia that are arthropod parasites, such the mosquito parasite
Romanomermis culicivorax [96] and several spider mite mt-tRNAs from the genus Tetranychus [97]). These
armless tRNAs are likely functional since in vivo transcription and 3'- and 5'-processing occur as
demonstrated for several minimalist R. culicivorax mt-tRNAs [96], although explicit proof of aminoacylation
or activity in translation is lacking (except for mammalian D-armless mt-tRNAS(UCY) [987),

3.2. Post-Transcriptional Modifications in mt-tRNAs

Post-transcriptional modifications are essential for tRNA structure and function [99,100]. However,
knowledge in the mt-tRNA field is incomplete, due to difficulties in tRNA purification, sequencing and
identification of the modified nucleosides. Indeed, only 123 sequences representing 22 species are
known to date. Nonetheless, complete data are available for the 22 isolated mt-tRNAs from the liver of
Bos taurus where mass spectrometry identified 15 types of modifications at 118 positions representing
7.5% of all beef liver mt-tRNA bases [101]. Compiled results are shown in Figure 3.
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Figure 3. Distribution of post-transcriptional modifications in mt-tRNAs. (A) Localization
of modifications in a tRNA cloverleaf (more details in Supplementary Table S1); (B) Structure
of mitochondria-specific °C and Tm°U and their derivatives. Modifications are given in
standard abbreviations [91]. The cloverleaf shows position —1, since some mt-tRNAs with

His identity have a nucleotide at that position.

Altogether, 28 modified nucleosides scattered over 46 positions have been identified to date in mt-tRNAs.
They include 15 out of 18 modifications from the so-called “Universal modifications” present in the
three domains of life (only m*U, ac*C and m%A are yet not found) [102] and mitochondria-specific
residues at the wobble position 34, namely 5-formylcytidine (f°C and its methylated ribose f°Cm
derivative) [103,104], four hypermodified U derivatives with notably 5-taurinomethyl-uridine (tm°U
and its thiolated derivative tm>s*U) [105] and likely lysidine (k*C) [106]. Most of these modifications
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have been identified in mt-tRNAs isolated from echinoderms and mammals (~56%). In comparison with
cytosolic tRNAs, the general trend is less diversity and a reduced number of modified residues in mt-tRNAs
(e.g., in Rattus norvegicus, 3 nts in mt-tRNA*P compared to 8 in cytosolic tRNA”P). Thus, the
D-armless mt-tRNASSCY) from the hamster Mesocricetus auratus [107] and a mt-tRNASY isoacceptor
from the primitive metazoan Halocynthia roretzi [108] are poor in modifications with a single modified
base (t°A37) and two types of modifications (m'A and W), respectively. Noteworthy, however, the
H. roretzi mt-tRNASYY contains 4 W's, what is a general trend in mt-tRNAs that are rich in ¥  and ¥m
residues, notably in stem regions (Supplementary Table S1). This feature could play a role in the structural
plasticity of mt-tRNAs (see below). Furthermore, modifications in anticodon loops are often less
sophisticated in mt-tRNAs than in their cytosolic tRNA counterparts, e.g., Q in mt-tRNA® can
be additionally modified to mannosyl-Q in cytololic vertebrate tRNAP. Finally, several modifications
are of bacterial-type (e.g., m®*t°A, cmnm’U and their s? derivatives), consistent with the bacterial origin
of mitochondria.

Modified residues act directly on the structure of mt-tRNAs and consequently their functions. Thus,
Gm, Ym and Cm residues enhance their chemical stability due to the methyl group on the 2' oxygen of
ribose that prevent hydrolysis. Likewise, methyl or other chemical groups attached on Watson-Crick (WC)
positions of bases (m'G, m%G and acp*U) could prevent formation of false WC pairings detrimental to
cloverleaf folding. In this view, the methyl group at m'A9 in human mt-tRNA* has a key role in the
folding process of this tRNA, since it prohibits a WC pairing between A9 and U64 from the T-stem that
would trigger formation of hairpin instead of a cloverleaf fold [108—110]. On the other hand, and amply
demonstrated for cytosolic tRNAs, modifications enhance the thermal stability of mt-tRNAs as illustrated
by the melting profiles of the two beef mt-tRNAS isoacceptors in their modified and unmodified versions,
with a decrease of up to 6 °C for the transcript with almost normal cloverleaf [111]. Note that mt-tRNAs
are globally unstable, since their melting temperatures in the range of 50-60 °C are significantly lower
than those of cytosolic tRNAs (e.g., 76 °C for yeast tRNAP®) [111]. In terms of functionality,
modifications can be essential for correct codon reading in the peculiar mt-decoding systems [98].
This concerns modifications in anticodon loops, notably the mitochondria-specific formylated- and
taurino-pyrimidines at the wobble position 34 of several mammalian mt-tRNAs [101].

In conclusion, knowledge about post-transcriptional modifications is essential to comprehend mt-tRNAs,
but it is largely incomplete as it is biased for particular specificities and phyla. Thus, except for the
complete sequence and modification landscape of B. faurus mt-tRNAs, sequence spaces for individual
amino acid identities are poorly documented, with mt-tRNAL®" sequences being the most represented
(15-fold in eight species), while those with Ala, Cys, Gln and Pro identity are only represented two times
each for one or two tRNAs. This is detrimental for the comprehensive understanding of mt-tRNA
aminoacylation (see below). However, data on tRNA modification is expected to increase rapidly with
the availability of novel technologies for tRNA purification and detection of modified nucleosides at
micro and even nanoscales.
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3.3. Three-Dimensional Structure of Free and Ligand-Bound mt-tRNAs
3.3.1. Free mt-tRNAs

While most plant and fungal mt-tRNAs, as well as those from unicellular protozoans (e.g.,
Tetrahymena, Paramecia, Plasmodia species) share structural features with cytosolic tRNAs, metazoan
mt-tRNAs frequently show structural features, often referred as bizarre. Still, they have to function in
ribosome-mediated protein synthesis, implying conservation of an L-shaped architecture similar to that
of cytosolic tRNAs. Rules based on sequence analysis, canonical tRNA conformation and structural
compensations have been proposed to account for the L-shaped architecture of bizarre mt-tRNAs [112—114].
In canonical L-shaped tRNAs, the architecture is held together by a network of tertiary interactions
divided in two domains (a compact core of seven base layers and a smaller D/T-loop interaction domain)
comprising conserved and semi-conserved tRNA residues [92]. It is anticipated that similar or simplified
networks account for the 3D structure of mt-tRNAs (Figure 2).

Since crystallographic data are lacking, explicit knowledge on the 3D structures of mt-tRNAs relies
on solution data and modelling based on the crystal structures of cytosolic yeast tRNAP™ and tRNAAP,
An overall L-shape was revealed by transient electric birefringence measurements on H. sapiens
mt-tRNADS[115] and B. taurus mt-tRNAS(GCY) [116] with inter-stem angles, respectively of ~140° and
~120°, much larger than in the canonical yeast tRNAs. Note that the crystal structure of an archaeal
tRNAPY! with sequence features close to mt-tRNAs, represents a tempting model of the 3D structure of
mammalian mt-tRNASTUSA) 1117,118]. On the other hand, an L-shaped model of beef and human
mt-tRNASGCY) (missing the D-arm) could be drawn based on an alternative network of tertiary
interactions [113] and NMR identification of the predicted base pairs in helical regions [119]. Detailed
structure probing on more classical mt-tRNAs with 4-arm-cloverleaves, notably B. taurus tRNAP™ and
H. sapiens mt-tRNA?®, allowed to decipher their 3D interaction networks and to build L-shaped
models [98,120]. For the shortest known mt-tRNAs (~40—50 nts) in which the missing D- and T-arms
are replaced by short connectors joining the acceptor and anticodon arms, it was hypothesized that they
gain flexibility for global L-bending through the connectors. This bended architecture is supported by
the aminoacylation capacity of an engineered yeast tRNA**? in which the acceptor and anticodon helices
are joined by two connectors [121]. Altogether, most mt-tRNAs are characterized by structural plasticity
as reflected by high thermal instability [98] and particular flexibility in the connectors joining the
acceptor with the anticodon region.

The determination of NMR and X-ray structures of anticodon-stem-loop (ASL) domains of
mt-tRNAMUCAY) containing the f°C modifications at the functionally important position 34 was
rewarding [122-124]. In short, the C modification contributes to the conformation of the anticodon
domain and its ability to decode the AUA and AUG codons as Met in translational initiation and
elongation [122] and to expand codon recognition from AUG to the synonymous AUU, AUC and AUA
codons in the peculiar mt-decoding process [123]. Furthermore, its visualization by X-ray crystallography
on the ribosome when bound to 6 nt long mRNA with AUA and AAA codons reveals that recognition
of both A and G at the third position of the codons occurs in a canonical WC geometry. This is
accompanied by a modification-dependent shift in the tautomeric equilibrium toward the rare imino-oxo
tautomer of cytidine that stabilizes the f°C34—A base pair geometry with two H-bonds [124].
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Given their structural diversity, mt-tRNAs can be ranked in five groups [92] (Table 2), characterized
by roughly conserved distances between anticodon and terminal A76 as required for protein synthesis
on the ribosome. The first group gathers tRNAs of quasi-canonical 3D structures from lower eukaryotes
(e.g., fungi [125] and protozoans [126]) and plants [127] with standard core and D/T-loop interactions.
The four other groups include the mt-tRNAs missing the canonical D/T-loop interactions and showing
a progressively simplified core domain. Thus, tRNAs from the second group are quasi-canonical, but
have lost conserved residues in the D- and T-loop, so that the contact between these loops will be
perturbed (e.g., H. sapiens mt-tRNAA and mt-tRNAP"), and in addition can have an atypical D-arm
(e.g., T. pyriformis mt-tRNAM® [128]). In the third group, T-armless tRNAs are found, but with otherwise
a conserved anticodon branch and a quasi-standard core (represented by C. elegans mt-tRNA*), The fourth
and fifth groups comprise tRNAs with the most perturbed sequences. They are represented by B. taurus
mt-tRNASCGCY) (Group 4) and minimalist tRNAs of less than 50 nts, such as W. hayashii mt-tRNAA®
and R. culicivorax mt-tRNA”® (Group 5). Here, the changes in the core organization are profound,
especially for tRNAs deprived of both D- and T-arms. Furthermore, the putative acceptor stem can be
aberrant with a short size and a frequent absence of WC-pairings, as in arachnid mt-tRNAs [129,130].

Table 2. The five structural groups of mt-tRNAs. The classification is based on the analysis
of tRNA sequences deduced from gene sequences and comparison with cytosolic tRNA
sequences, in particular for the content of conserved and semi-conserved nucleotides. * The
structural distinction within mt-tRNAs in alveolates and amoebas is not well known since
sequence data from these phyla are scarce (e.g., few data on Paramecia, Plasmodia,
Tetrahymena, Acanthamoeba species); ** Canonical loops: D-loops with G18G19 and size
of 8 to 9 nts; T-loops with U54U55C56 (except in initiator tRNAs) and conserved size of 7 nts;
*#* Atypical loops of variable size: D-loops of 5-9 nts and T-loops of 67 nts (due to partial
or total non-conservation of G18, G19, US55 and C56 that govern the D/T-loop interaction);
**%%* D-stem can be restricted to 3 bp in some species. VR for Variable region, including putative
helical domains in some mt-tRNAM", tRNAS and tRNAD" species. In Group 5, the size of
the acceptor and anticodon helices deviate from the canonical organization (see Figure 4).
Abbreviated names of eukaryal organisms: Ath, Arabidopsis thaliana; Asu, Ascaris suum;
Cel, Caenorhabditis elegans; Dno, Dasypus novemcincus; Dya, Drosophila yakuba; Hsa,
Homo sapiens; Mpo, Marchantia polymorpha; Pca, Pichia canadensis; Pvi, Phoca vitulina;
Pvu, Phaseolus vulgaris; Sce, Saccharomyces cerevisiae; Rcu, Romanomermis culicivorax;
Wha, Walchia hayashii.

tRNA Groups Group 1 Group 2 Group 3 Group 4 Group 5
Alveolates & Metazoans
Alveolates & Metazoans (some Metazoans
Amoebas * (e.g., nematodes, ) )
Eukaryote groups Amoebas * insect & bryozoan (acaria & some

some Fungi &

arachnids & some

Fungi Plants ) species & mammals) nematodes)
Plants Metazoans bryozoan species)
Ath mt-Asp Mpo mt-Ala Asu mt-Ala Dno mt-Cys Wha mt-Ala
) Sce mt-Glu Hsa mt-Asp Asu mt-Asn Bta mt-SercV Rcu mt-Arg
Representative tRNAs
Pca mt-LeuVA* Pca mt-Cys Cel mt-Asp Dya mt-Ser®cV Rcu mt-lle
Pvu mt-Phe Hsa mt-Phe Asu mt-Thr Pvi mt-Ser®cV Rcu mt-Thr
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tRNA Groups Group 1 Group 2 Group 3 Group 4 Group 5
canonical canonical quasi-canonical canonical atypical
Acceptor arm
(stem: 7 bp) (stem: 7 bp) (stem: 4-7 bp) (stem: 7 bp) (stem: 4-5 bp)
canonical canonical canonical canonical )
) atypical
Anticodon arm (stem: 5bp & (stem: 5bp & (stem: 5bp & (stem: 5bp & (stem: 5.9 bp)
stem: 5—
loop: 7 nts) loop: 7 nts) loop: 7 nts) loop: 7 nts) P
atypical Atypical
T-armless D-armless -

D- and T-arms

canonical **

atypical ***

(atypical D-loops

(atypical T-loops

D-/T-armless

of 5-7 nts) of 6-7 nts)
stem: 5 bp stem: 4-5 bp
T-arm - stem: 4-5 bp -
loop: 7 nts loop: 67 nts
stem: 4 bp
D-arm stem: 4 bp **** stem: 4 bp - -
loop: 8-9 nts
L1 connector 19-20 nts 16-20 nts 16-18 nts
) o ) ) ) 5-12 nts 3-11 nts
(size & characteristics) (with D-arm) (with D-arm) (with D-arm)
L2 connector 21-30 nts 19-22 nts
) o ) ) 6—7 nts 20-21 nts 5-14 nts
(size & characteristics) (with VR & T-arm) (with VR & T-arm)
core organization in ) 7 layers 7 layers 6 layers 1 layer
7 layers (canonical) ) . . . ]
stacked base layers (quasi-canonical) (atypical) (atypical) (atypical)

Interestingly, in the minimalist tRNAs of the fifth group, the only conserved features characterizing
cytosolic tRNAs are the helical acceptor arm with a 3'-single stranded CCA terminus and an anticodon
arm with a strictly conserved canonical 7 nts-anticodon loop. This agrees with the NMR structure of the
ASL domain of human mt-tRNAM¢! that shows a canonical loop conformation [123]. The sequences of
most mt-anticodon loops are furthermore in line with the structural signature of canonical anticodon
loops, that among others conserves isosteric non-WC base pairs at position 32-38 and allows the
presence of W at position 35 [131]. The presence of m’G34 in mollusc and starfish tRNASGCY) and the
frequent occurrence of 'V at position 31 are intriguing. Such ¥ residues could enhance the thermodynamic
stability of the anticodon loops, as proposed for a cytosolic tRNA [132].

Taking into account these facts, a generalized structure of tRNAs can be drawn, based on conservation
of the anticodon arm and size and sequence features of the two connectors joining the acceptor and
anticodon helices, namely L1 (nt 8-26) and L2 (nt 44-65) (Figure 4). It is notable that the seven base-layers
that constitute the canonical core include exclusively residues from the connectors. This generalized structure
accounts for most structure function relationships in mt-tRNAs participating in ribosome-dependent
protein synthesis.
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Figure 4. Generalized L-shaped structure of adapter tRNAs that highlights the minimalist
structural requirements needed for tRNA participation in ribosome-mediated protein
synthesis. Numbering of residues is as for canonical cytosolic tRNAs. As it occurs in
cytosolic tRNAs but not conserved in mt-tRNAs, the generalized structure is displayed with
an acceptor arm of seven base pairs (bp) and an anticodon arm of five bp (deviations in bp
content are indicated). Localizations of major identity determinants at the distal extremities
of the structure are shown. The sequence of two minimalist tRNAs restricted to the acceptor
and anticodon arms joined by L1 and L2 connectors (Walchia hayashii mt-tRNA*"? and
R. culicivorax tRNA”) are in line with this generalized tRNA structure. Note that the
minimalist tRNAA® (44 nts) is to date the shortest characterized tRNA [96]. Base pair
content, missing position (x), and length of connectors’ sequences are indicated (in
correspondence with sequence analysis mentioned in the text and Table 2).

3.3.2. mt-tRNAs Bound to aaRSs

Direct structural data on the binding of mt-tRNAs to mt-aaRSs are lacking. However, the crystal
structures of H. sapiens mt-PheRS in complex with Thermus thermophilus tRNAP" is known [133] and
tRNA-docking models based on the crystal structures of cognate B. faurus mt-SerRS and H. sapiens
mt-AspRS were proposed [134,135].

The crystal structure of the heterologous mt-PheRS:tRNAP" complex provides useful information on
mt-tRNAP" binding, since bacterial T. thermophilus tRNA™ is efficiently charged by the small and
monomeric human mt-PheRS (cytosolic PheRSs are large and heterodimeric) [133,136] despite sequence
deviations with human mt-tRNAP™ but conservation of most core residues [90]. Thus, bound tRNAP"
retains a majority of the tertiary interactions defining the L-shape, both in the compact core (e.g., the
Hoogsteen pair US—A 14 and the Levitt pair G15-C48) and in the D/T interaction domain (e.g., the cis
WC pair G19—C56 and the Hoogsteen pair U54—A58). Like in the bacterial cytosolic complex [137], the
tRNA spans over the PheRS from the acceptor end to the anticodon, but the number of contacts with the
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small monomeric mt-PheRS is half than with the large heterodimeric 7. thermophilus PheRS (25 versus 57).
This is achieved by alternate interaction modes, especially with the anticodon-binding domain, a simplified
recognition of the accepting stem and a conformational flexibility of nts 44 and 45.

Concerning the Ser system [134], docking indicates an interaction of the acceptor end of tRNA with
mt-SerRS and excludes contacts with the anticodon arm. Furthermore, conformational adaptation of the
tRNA elbow region and importance of the T-loop for specific recognition of the peculiar mt-tRNASe
species are suggested.

The situation is quite different in the Asp system [135]. Based on a structural model of human
mt-tRNA”P [120] and the crystal structure of human mt-AspRS, it could be shown that the L-shaped
tRNA spans over the enzyme from the inside of the L via specific contacts with identity elements from
the anticodon but not with discriminator determinant G73 [135].

3.3.3. mt-tRNAs Bound to Other Macromolecules and Macromolecular Assemblies

Beside mt-aaRSs, mt-tRNAs have to interact with numerous factors for tRNA maturation and
translation itself. To date, however, the related structural biology is completely missing, except for the
docking model of Arabidopsis mt-tRNA®* with PRORP1, a protein-only RNase P enzyme [138] (see
below) and for the binding of the mt-ASLM(CAU) i the A-site of the 30S subunit of the ribosome from
T. thermophilus [124] (see above). Mitoribosomes, however, are quite different and have undergone
massive structural changes throughout their evolution [139]. These changes are explicitly seen in the 3D
structures of the large subunit of the porcine [140] and yeast [141] mitoribosomes determined by cryo-EM,
respectively at 4.9 and 3.2 A resolution. Their remodelled architecture compared to the cytosolic
counterparts is likely required for the exclusive synthesis of the hydrophobic mt-proteins and, in the case
of the mammalian mitoribosome, for the recognition of the atypical conformations of mt-tRNAs,
e.g., for the adjustment of the distance between the 3'-terminus and the anticodon consistent with that of
usual tRNAs [119].

4. Biogenesis of Functional Mitochondrial tRNAs
4.1. Transcription

The organization of mt-genomes varies greatly across phyla. For instance, in metazoans and fungi,
the mt-genome is small and compact (e.g., 16 kbp in human [142]), intergenic regions are almost missing
and transcription is initiated from few promoters. In these genomes the observation that mRNA genes
can be strictly delimited by tRNA genes led to the establishment of the tRNA punctuation model where
the maturation of both tRNAs and mRNAs from long polycistronic transcripts is achieved by RNase P
and RNase Z, the two endonucleases responsible for pre-tRNA 5'- and 3'-maturation, respectively [143].
tRNA punctuation is best exemplified by the human mt-genome where it accounts for nearly all RNA
maturation events. Still, exceptions to this model have been documented in opisthokonts (the eukaryote
group including the animal and fungi) [ 144]. In other eukaryote groups, mt-genomes have a very different
organization. For example, in land plants, mt-genomes are much larger (e.g., 367 kbp in Arabidopsis [145])
and tRNA punctuation does not occur, although tRNA genes are sometimes clustered into operons.
Transcription is initiated at multiple promoters and tRNA 3'-maturation requires the concerted action of
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both exonucleases and endonucleases similar to bacteria, the final steps of tRNA termini removal being
performed by RNase P and RNase Z [14].

While genomic organization is very divergent, the nature of enzymes responsible for the transcription
of mt-tRNA is comparatively more conserved across phyla. In yeast and human, mt-RNA polymerases
are nuclear-encoded single-subunit DNA-dependent RNA polymerases distantly related to bacteriophage
T7 RNA polymerases [146]. Although, bacteriophage and mt-enzymes share conserved mechanisms for
substrate binding and nucleotide incorporation, they also show strong mechanistic differences [147].
Interestingly, these enzymes contain pentatricopeptide repeat (PPR) domains, in agreement with recent
studies that find a prevalence of PPR proteins for gene expression processes in mitochondria [148]
(Figure 5). In human mt-RNA polymerase, PPR motifs are involved in the exit of newly synthesized
RNAs [147]. In contrast, although plant mitochondria also use T7 related RNA polymerases [149], these
enzymes paradoxically do not contain any PPR domain, in contradiction with the massive occurrence of PPR
proteins in plants as compared to animals (there is e.g., 80 times more PPR genes in Arabidopsis than in
human) [150]. Beyond the wide occurrence of phage-type polymerases, some groups such as jakobides
seem to have retained bacterial-like mt-RNA polymerases. For example, in Reclinomonas americana, the
69 kbp mt-genome encodes four subunits of a eubacterial-type RNA polymerase. This is in agreement
with the ancestral nature of R. americana mt-DNA which is the most eubacteria-like mt-genome identified
so far [151].

4.2. Maturation of tRNA 5'- and 3'-Termini
4.2.1. Maturation at 5'-Terminus

After transcription, tRNA precursors leader and trailer sequences are removed by endonuclease activities.
5'-Maturation is performed by RNase P first characterized in several bacterial species where it was found
to be implemented by ribonucleoproteins (RNP) comprising a ribozyme [152]. In this context, and because
of the prokaryotic origin of mitochondria, it was assumed that mt-RNase P would universally occur as
RNPs [153]. This assumption was supported by the identification of the corresponding RNA subunit
(P-RNA) genes in yeast mitochondria [154], in glaucophyte cyanelles [155] and in jakobides, including
R. americana mitochondria [151,156]. In particular, within the fungal lineage, most of the known
P-RNA genes are found in the saccharomycete lineages from the ascomycete group. These P-RNA
structural features are highly reduced, i.e., they essentially contain helix P4, the activity centre of the
ribozyme and P1 that pairs the 5'- and 3'-termini [154]. The protein composition of mt-RNP RNase P is
overall poorly characterized but seems to be distinct from bacterial or nuclear RNP RNase P protein
composition [157].

While RNP RNases P were identified in different eukaryote groups, the analysis of genomic sequences
revealed that several eukaryote groups, such as kinetoplastids or land plants, do not encode a recognizable
P-RNA or RNase P-specific proteins, neither in the organellar nor in the nuclear genome [157]. This
suggested that another type of RNase P must exist in eukaryotes. This hypothesis was supported
by earlier biochemical analyses performed on spinach chloroplasts and human mitochondria [153],
but only definitively demonstrated with the molecular characterization of RNase P enzymes in human
mitochondria [158] and plant organelles [159]. This other type of RNase P enzyme, termed PRORP for
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“protein-only RNase P, comprises a PPR RNA binding domain as well as a NYN catalytic domain, and
is devoid of any RNA component (Figure 5). Interestingly, while in Arabidopsis PRORP functions as
a single subunit enzyme, in human PRORP requires two additional subunits for the 5' cleavage of human
mt-tRNA precursors. This is probably due to the non-canonical nature of human mt-tRNAs [144].
Beyond Arabidopsis and human, mitochondrial PRORP were also characterized in trypanosome [160]
and in the moss Physcomitrella patens [161]. However, contrary to initial beliefs, PRORP proteins are
not specific to mitochondria (and organelles in general). They also frequently occur as nuclear RNase P
enzymes, i.e., up to now characterized in Arabidopsis [162], trypanosome [160] and P. patens [161].
PRORP genes are not of prokaryote origin and have evolved from eukaryote specific nuclear genes [153].
In some groups, e.g., land plants PRORP enzymes have entirely replaced RNPs for RNase P activity [162].
Interestingly, although PRORP and RNP RNase P employ different catalytic strategies [163], it seems
that PRORP holds a substrate recognition mechanism similar to that of RNP RNase P [138].

4.2.2. Maturation at 3'-Terminus

Then, the 3'-maturation of tRNAs involves another endonuclease called RNase Z. Contrary to RNase
P, the nature of RNase Z is much more conserved, with all enzymes belonging to the same family. RNase
Z genes are part of the super-group of B-lactamases. They are related to metallo-hydrolases and characterized
by a conserved o—f/p—a fold. They also harbour a conserved metal ion-coordinating site often binding zinc
and possess an additional flexible arm called exosite involved in the binding of pre-tRNAs [144,164].
RNase Z enzymes occur in two major forms, a shorter version called RNase Z° is found in the three
domains of life, while another version, called RNase Z%, approximately twice as large as the former,
only occurs in eukaryotes. Interestingly, in mitochondria RNases Z always correspond to the longer
eukaryote-specific form. In human, two RNase Z genes are present. A shorter RNase Z5 is found in the
cytosol, while ELAC2 (elaC ribonuclease Z 2) a protein belonging to the RNase Z" group is dual
localized to mitochondria and the nucleus [165,166]. In Arabidopsis, four RNase Z proteins are encoded
in the nucleus, among which one RNase Z' is shared between nucleus and mitochondria, while another
one is restricted to mitochondria [167].

Finally, a last critical step to obtain functional mt-tRNAs consists in the addition of the CCA 3' terminal
group. While CCA is encoded in tRNA genes from prokaryotes such as E. coli, it is absent from nearly all
eubacterial tRNA genes. Similarly, it is always absent from mitochondrial tRNA genes and has to be
added post-transcriptionally by CCA-adding enzymes [168]. In this line, it is interesting to note that
animal tRNA nucleotidyltransferases resemble eubacterial enzymes, thus suggesting that animal CCA
adding enzymes might have been acquired from the endosymbiotic ancestor of mitochondria [169].
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Figure 5. Many factors required for mitochondrial gene expression, i.e., for the biogenesis
of tRNA belong to the super-family of helical repeats modular proteins [170]. In particular,
key factors for tRNA biogenesis in mitochondria belong to the PPR family. (A) Experimental
structure of human mitochondrial RNA polymerase elongation complex and (B) model of
Arabidopsis mitochondrial RNase P (AtPRORP1) in complex with mitochondrial tRNAY,
with PPR domains highlighted in blue. RNA molecules are shown in orange and DNA in
grey. The functions of the respective PPR domains are related to the exit of newly transcribed
RNA molecules [147] and to the specific recognition of tRNA precursors [138,153].

4.3. Functions and Mechanisms for tRNA Modifications and Editing

After or during the processing of transcript termini, pre-tRNAs undergo a series of modification and
editing events in order to become functional. While the term RNA “processing” generally reflects
changes affecting pieces of sequence through cutting and/or rejoining processes, the term “modification”
describes biochemical processes resulting in the in situ formation or introduction of non-standard nucleotides,
and as such, is mostly found in tRNAs. In contrast, the term RNA “editing”, while initially coined to describe
RNA alterations that change the coded message in mRNA [171] is also used in a more general sense for
tRNAs and includes all A, C, G or U sequence changes that take place at the RNA level other than
splicing and polyadenylation that could in principle have been directly encoded by DNA [172].

4.3.1. Mitochondrial tRNA Modifications

The general view on the function of tRNA modifications is that most of them enhance the formation
or stabilize correct tRNA structures or prevent the formation of incorrect ones. As amply demonstrated
for cytosolic tRNAs where tRNA modifications are essential for efficient and accurate anticodon/codon
interactions [102], they play also a primordial role in mitochondrial translational accuracy, especially
for decoding reassigned codons [98]. As an example, f°C at the wobble position 34 expands codon
recognition from the traditional AUG to the non-traditional, synonymous codons AUU and AUC as well
as AUA, in mitochondria [122,123]. Modifications can also be signals for the recognition by aaRSs, by
the ribosome or by other unidentified partners. They might also serve as aminoacylation antideterminants.
However, individual modification losses result most of the times in subtle molecular effects on the function
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of tRNAs and on translation as they can generally be compensated by other modifications [102,173].
Still, at the macroscopic level, modification defects can lead to severe disorders such as mitochondrial
diseases [174]. In particular, MELAS and MERRF syndromes were connected to taurine tTm°U and
mm’s?U deficiencies at the anticodon wobble position [175-177].

In mitochondria, tRNA modifications and the enzymes responsible for these activities have essentially
been characterized in animals and yeast. A recent comprehensive analysis performed on the bovine
mt-tRNAs identified 15 types of modified nucleosides distributed over 7.5% of all mt-tRNA bases [101]
(see above for details). Although post-transcriptional modifications in mt-tRNAs are less abundant than
in cytosolic tRNAs, their biogenesis requires a large panel of specialized enzymes, some exclusively
dedicated to functions in mitochondria. Among them, MTU1 in human and yeast, is the mt-tRNA
specific 2-thiouridylase involved in the biogenesis of taurine-containing modified uridine tm®s*U at the
anticodon wobble position [105,178]. To date, ~10 mt-tRNA modifying enzymes are functionally
characterized in animals, although the analysis of genomes identifies many more candidate genes. The
characterized enzymes include methyltransferases, methylthiotransferases, isopentenyltransferase and
pseudouridine synthases [101]. Similarly, in plants, many putative tRNA modification enzymes are
predicted, although experimental data on mt-enzymes are lacking [127]. Interestingly TRMT10C and
SDRS5CI that are responsible for methylations at position 9 of several tRNAs in human mitochondria
are also essential partners of PRORP for protein-only RNase P activity, thus illustrating how tRNA
modifying enzymes can be involved in distinct activities as part of multifunctional complexes [158,179].

4.3.2. Mitochondrial tRNA Editing

Similar to other mitochondrial encoded RNA species, mt-tRNAs can be affected by a diverse
array of editing processes. These events are most of the time specific to given eukaryote phyla and
mechanistically unrelated. In metazoan, despite the prevalence of tRNA punctuation, tRNA genes
sometimes overlap (between 1 and 6 nts) and RNA editing is used to correct primary transcript
processing products [180,181]. For example, in human mitochondria, tRNA™" and tRNAY* present
a one base overlap. The upstream tRNA™" is released by an endonuclease activity independent from
RNase P and the truncated tRNA™" is repaired by an RNA editing activity that adds the missing
nucleotide [182]. In other examples, several nucleotide exchanges in the first three nucleotides of the
mt-tRNA acceptor stem take place in the amoeboid protozoans Acanthamoeba mt-tRNAs but also in
lower fungi such as Chytridiomyceta [183,184]. In contrast, in a number of mt-tRNAs from Myxomyceta
such as Physarum polcephalum, RNA editing consists in the insertion of C and U residues. The
occurrence of partially edited sequences in tRNA precursors suggests that this type of editing might be
a prerequisite for tRNA processing [ 185]. Nonetheless, the most frequent type of RNA editing described
to date corresponds to C to U alterations due to the deamination of cytidines. For example, in marsupials,
RNA editing alters the identity of mt-tRNAs as it corrects the GCC anticodon of tRNAA*? to GUC [186].
In land plants, C to U RNA editing is prevalent as it affects hundreds of positions in the mitochondrial
transcriptome [187,188]. Although less frequent than in mRNAs, this type of C to U editing also affects
mt-tRNAs [189]. In several instances, it seems that tRNA editing is a prerequisite for tRNA processing.
For example in several plants (but not in Arabidopsis) mt-tRNAP is edited at position 4. This change
that corrects a mismatch in the acceptor stem appears to be required for 5'-processing of tRNA precursors
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by RNase P [190]. It is very likely, but not demonstrated, that the machinery that performs tRNAs C to
U editing is the same that edits mRNAs. It involves PPR proteins for the site-specific recognition of
cytidines. More precisely, it implicates in some instances proteins of the PPR-DYW subgroup, which
contain a domain resembling a cytidine deaminase and were predicted to perform the actual catalytic
reaction of RNA editing [14,191].

Beyond the mitochondrial encoded tRNAs, editing processes were also reported for cytosolic tRNAs
imported into mitochondria. For instance, it was shown in L. tarentolae that a specific C to U editing in
the anticodon of the imported nonedited tRNAT™ allows the decoding of mitochondrial UGA codons as
tryptophans [192]. Similarly, in the moss P. patens, cytosolic tRNAAEACE) i5 imported in mitochondria
where it undergoes an A to I editing at the wobble position of the anticodon [193]. Interestingly for protozoan
tRNATP import and editing have drastic structural consequences, since this tRNA is partially thiolated
at universally conserved position 33 to s?U33 and O'-methylated at the ribose moiety of P32 as well as
on edited U34 and nonedited C34 [194]. The presence of s?U33 and the concentration of O'-methylated
pyrimidines in the anticodon domain, likely is the prerequisite for proper decoding of the Trp codon by
conferring conformation rigidity and chemical stability to the anticodon loop. In contrast, dethiolation
of cmm’s?U within mitochondria at wobble position 34 of imported trypanosomatid tRNAs, as explicitly
shown for T. brucei tRNAC", is an alternate editing mechanisms required to modulate decoding [195].

5. Aminoacylation of Mitochondrial tRNAs
5.1. Global Features of Mitochondrial tRNA Aminoacylation Systems

Aminoacylation of mt-tRNAs is catalyzed by imported nuclear encoded mt-aaRSs using the same
type of two-step reactions than cytosolic tRNAs, namely formation of a transient aminoacyl-adenylate
followed by the transfer of the activated amino acid to tRNA. Most mt-aaRSs are bacterial-like [196].
Exceptions are nuclear-encoded aaRSs that are active in both cytosol and mitochondria, as human GlyRS
and LysRS [197] and mt-aaRSs lost from the nuclear genome in organisms where the homologous mt-tRNA
encoded in the mt-genome has been lost, as in the ciliated protozoa Nematostella vectensis [198]. The
nuclear-encoded mt-aaRSs have intricate phylogenetic origins with gene duplication and horizontal gene
transfer from bacterial endosymbionts to eukaryotes. As a consequence, mt-aaRSs present structural
idiosyncrasies when compared to their cytosolic homologues, the most dramatic occurring in mt-PheRSs
that are monomeric [199,200] in sharp contrast with bacterial and other cytosolic PheRSs that are tetramers.
This nuclear origin implies that their gene products are targeted towards the organelles. In plants, as
documented for A4. thaliana, the same bacterial-like gene product is dual-targeted by different N-terminal
signatures for delivery in either mitochondria or chloroplasts [201,202]. It is noteworthy that mt-aaRSs
seem to exhibit a reduced catalytic efficiency for tRNA aminoacylation as compared to that of the bacterial
or cytosolic homologues, as explicitly shown for several yeast and mammalian mt-aaRSs [197,199,203].

Like in many bacteria, GInRS is absent in mitochondria, so that glutaminyl-tRNA®" is formed by an
indirect transamidation pathway where tRNA®!" is first charged with glutamate by a nondiscriminating
GluRS (aminoacylating both tRNASM and tRNAY") and converted into glutaminyl-tRNAS™ by
tRNA-dependent amidotransferases. The bacterial pathway is well known [204,205] and occurs in
mitochondria with imported glutamyl-tRNAS™ amidotransferase (GAT) subunits as demonstrated in
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plant [206], yeast [207,208] and mammalian [209,210] mitochondria. In plants mt-tRNA“!" is mt-encoded
and the indirect pathway also occurs in chloroplasts and apicoplasts [206,211]. It is also noteworthy
that the indirect pathway for asparginyl-tRNA”S" synthesis [204], frequent in bacteria when AsnRS is
missing, does not occur in mitochondria.

Mt-aaRSs are often able to aminoacylate both mitochondrial and bacterial tRNAs, but bacterial aaRSs
do not or only weakly aminoacylate animal mt-tRNAs [212,213]. Likewise, mt-AspRS from 7. brucei
aspartylates both homologous cytosolic tRNA**? and mt-tRNA**?, while cytosolic AspRS exclusively
aspartylates cytosolic tRNAA [214]. These behaviours are likely linked to the large sequence and
structural relaxation of mt-tRNAs, itself a consequence of the high rate of mt-genome divergence due to
rapid evolution in mitochondria [215]. For plant and fungal systems the situation is more intricate, since
organellar tRNAs and aaRSs can have diverse origins and evolutionary histories [53] and consequently
share characteristics of heterologous cytosolic aminoacylation systems. Specificity in such systems can
be due to the delocalization of a critical aminoacylation identity element in the tRNA sequence or to
structural peculiarities in tRNA or aaRS. This raises questions about the fidelity of tRNA aminoacylation
in mitochondria and the identity of mt-tRNAs.

5.2. Aminoacylation Identity of mt-tRNAs
5.2.1. General Considerations

The designation “tRNA identity” is often used in the tRNA literature, notably to describe the different
types of tRNAs found in mitochondria [114]. This designation, however, can be misleading if it solely
correlates with codon decoding. Given that the genetic code is defined by specific tRNA aminoacylation
by aaRSs (since nonspecific aminoacylations can lead to false amino acid incorporations into proteins),
tRNA identity should be defined by the determinants specifying aminoacylation [216]. This point is of
particular importance for mt-tRNAs where peculiarities in the mt-genetic code [98] and RNA editing
events [217] can affect codon decoding or modify the anticodon of tRNA, and consequently could be
the cause of tRNA identity changes.

tRNA identity is discussed here in the light of aminoacylation for which specificity is accounted by
identity rules. These rules rely on limited set of determinants within a given tRNA generally interacting
with the cognate aaRSs and on less well-characterized antideterminants that prevent tRNA interactions
with non-cognate aaRSs. Strength of individual determinants (or sets of determinants) is variable and is
estimated by the loss of catalytic efficiency or the suppression ability upon their mutation. In most systems,
determinants are concentrated in the anticodon loop (mainly in anticodons) and the acceptor stem, but
some are found in the core region of tRNA. For a given identity, strong determinants occur mostly at
both distal extremities of the tRNA, but for Ala identity they are restricted to the G3—U70 pair in the
acceptor stem. Identity rules are rather well understood for cytosolic tRNAs [216,218], but remain
elusive for mt-tRNAs.

Because all mt-tRNAs have a conserved anticodon and acceptor region (Figure 3), it is anticipated,
as for cytosolic tRNAs, that elements from these extremities contribute to mt-identity. On the other hand,
because of the huge structural variability of mt-tRNAs and their ranking in structural groups (Table 2),
group-dependent idiosyncrasies are anticipated in mt-identity sets. However, limited information is
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available for identity rules in mt-systems and proofs of expectations are scarce, essentially because of the
difficulty to run mutational analyses, as done for cytosolic tRNAs. The currently available data on Ala,
Asp, Leu, Phe, Ser and Tyr identity covering different structural-types of mt-tRNAs are summarized below.

5.2.2. Understanding mt-tRNA Identities for Aminoacylations Catalyzed by Class I aaRSs

Leu identity: Based on solution probing, it has been shown that the in vitro transcribed human
mt-tRNALUUUR) (3 Group 2 mt-tRNA, Table 2) does not fold into the expected cloverleaf, but is
nevertheless aminoacylated by human mt-LeuRS despite a partially disordered structure with a floppy
anticodon branch [219]. Contacts with mt-LeuRS occur via its amino acid acceptor stem, anticodon stem
and D-loop, which is unprecedented in Leu aminoacylation systems [220]. This suggests an adaptation
of the tRNA structure with LeuRS upon binding. A mutational analysis shows that the leucylation
activity is dependent on two strong Leu identity determinants (A 14 in the D-loop and A73 at the discriminator
position) [219], suggesting that Leu identity obeys rules similar to those that apply in E. coli [218]. Two
mutations at identity position 14 are correlated with severe human pathologies [221,222], but impact
leucylation efficiency differently, i.e., 300-fold for the A14U mutant and only 10-fold for the A14G
mutant. Similarly to the weak impact on leucylation of the A14G mutation, three other pathology-related
mutations (U20C, U40C, C72U) do not affect leucylation [219]. Thus, as also observed with other
mt-tRNAs, decreased aminoacylation capacity is not the unique cause of pathologies [223].

Tyr identity: Identity of human mt-tRNA™" (a Group 2 mt-tRNA) for specific tyrosylation results
from an extreme case of mutual adaptation of TyrRS and tRNA. Indeed, this mt-TyrRS presents dual
sequence features of eubacterial and archaeal TyrRSs, especially in the region containing amino acids
recognizing the major N1-N72 Tyr identity pair. As a result, human mt-TyrRS has lost the capacity to
discriminate between the G1-C72 pair typical of eubacterial and mt-tRNA™" and the reverse C1-G72 pair
present in archaeal and eukaryal tRNA™". Sequence comparisons of mt-TyrRSs across phylogeny suggest
that this behaviour is conserved among vertebrate mt-TyrRSs, so that Tyr identity of mt-tRNAT" would
essentially rely on the discriminator base A73, since its mutation into G73 abolishes tyrosylation [224,225].
This conclusion finds support in the crystal structure of the mt-TyrRS that presents features not seen in
eubacterial TyrRSs, notably bulges at the enzyme surface and an idiosyncratic electrostatic surface
potential. Furthermore, mutagenesis of the catalytic domain reveals the importance of Ser200 in line
with an involvement of A73 rather than N1-N72 in Tyr identity [226].

Trp identity: Tryptophanylation of Oryza sativa mt-tRNA™ (a Group 1 mt-tRNA) by Bacillus subtilis
and human TrpRSs show great changes in aminoacylation efficiency due to species-specific identity
elements in the plant mt-tRNA™™. These elements are similar to bacterial and eukaryotic Trp identity
determinants, notably the discriminator base G73 and the two base pairs G1-U72 and U5-A68 in the
acceptor stem. Altogether, this supports the hypothesis that mt-tRNAT™ is of eubacterial origin [227].

5.2.3. Understanding mt-tRNA Identities for Aminoacylations Catalyzed by Class II aaRSs

Ser identity: Identity of the two bovine mt-tRNASCCY) and mt-tRNASTUSGA jsoacceptors
(respectively, Group 4 and Group 2 mt-tRNAs) soon attracted interest because these topologically distinct
tRNAs are both recognized and serylated by a single mt-SerRS. Footprinting and kinetic studies show

that the mt-SerRS recognizes specifically the T-loop of each isoacceptor. However, for mt-tRNASe(UGA)
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the T-/D-loop interaction is further required for recognition, suggesting that mt-SerRS recognizes its two
substrates by distinct mechanisms [228]. Crystallographic data combined with mutagenesis and docking
studies, confirm the dual recognition mode and clearly show that the mt-SerRS recognizes the distinct shape
of each tRNAS* isoacceptor by indirect readout involving recognition of the backbone of the acceptor helix
and alternative interactions with the tRNA core [134]. This is in contrast with Ser identity in cytoplasmic
tRNAs, e.g., in E. coli where the major Ser identity determinant is the long extra arm [229].

Asp identity: The unexpected finding was the loss in human mt-tRNA**? (a Group 2 mt-tRNA) of
the major Asp identity determinant G73 [213]. This fact is explained by the crystallographic and
biophysical properties of human mt-AspRS and by the thermodynamics of tRNA*?:AspRS complex
formation. Even though the 3D structure of the mt-AspRS is close to that of the E. coli homologue, it
differentiates by an enlarged catalytic groove, a more electropositive surface and a strongly reduced
thermal stability. Moreover, isothermal titration calorimetry shows a higher affinity of mt-AspRS for
cognate tRNA than for noncognate tRNAs, but with different enthalpic and entropic contributions [135].
Furthermore, analysis of in vitro transcribed human mt-tRNA”* variants tested for their ability to be
aspartylated by E. coli AspRS, reveals that full conversion into a molecule as active as E. coli tRNA®P
cannot be achieved on the basis of the currently established tRNA/aaRS recognition rules. Indeed,
transplantation of the full set of Asp identity elements and stabilization of the tRNA scaffold by
restoration of the D/T-loop interactions, enables only a partial gain in aspartylation efficiency. The
sequence context and high structural instability of mt-tRNAA are additional features hindering optimal
adaptation of the tRNA to the bacterial enzyme [205].

On the other hand, in marsupials, mt-tRNA”* is encoded with a glycine anticodon GCC and requires
editing of this anticodon to create the aspartate GUC anticodon and thereby to acquire Asp identity (while
keeping glycylation capacity). Thus, replacing an amino group with a keto group at position 35 in the
anticodon, changes the identity of the tRNA and allows a single gene to encode two tRNAs [186].

Ala identity: This identity is of particular interest since the major G3—U70 determinant in the acceptor
helix, while widely distributed in cytoplasmic tRNAs and few mt-tRNAs (e.g., in some fungi, nematode and
plant mt-tRNA*") is absent (e.g., in W. hayashii mt-tRNA”" see Figure 4) or translocated to adjacent
positions in many putative mt-tRNA* molecules (e.g., in some arachnid and bryozoan mt-tRNAs [129,230].
Thus, Drosophila melanogaster mt-tRNA*? (a Group 2 tRNA) has a translocated G—U pair at the
2-71 positions. This translocated G2-U71 and the adjacent G3—C70 are the major determinants for
recognition by the Drosophila mt-AlaRS. Additionally, G3—U70 serves as an antideterminant for Drosophila
mt-AlaRS so that the mt-AlaRS cannot charge cytoplasmic tRNA* [231]. These features seem to be
conserved within insect Ala systems. Interestingly, in C. elegans where the G-U pair is preserved at the
3—70 position, the proximal nucleotide U72 blocks charging by E. coli AlaRS [232]. The absence of a
G-U pair in the acceptor helix of putative mt-tRNAA"® species (e.g., from 7. brucei) remains unexplained.

In contrast, in plants, mt-tRNA”® (a Group 1 tRNA) is imported from the cytosol and requires the
G3-U70 determinant for both aminoacylation and import. This was clearly demonstrated with 4. thaliana
tRNA”" that loses both alanylation capacity and ability to be imported when U70 is mutated to C70 [33].
The situation of mt-tRNA*® from the moss Celleporella hyalina [230] and from several arachnid
orders [129] is particularly intriguing and questions the exact Ala identity rules in these organisms, since
mt-genomes show absence of the major G3—U70 Ala determinant and suggest an aberrant acceptor helix.
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Phe identity: First information came from studies with S. cerevisiae mt-PheRS (a conserved monomer
in mitochondria, in contrast with the tetrameric o2f2 cytosolic PheRSs), an enzyme that efficiently
aminoacylates yeast tRNAP' [233]. The phenylalanylation capacity of a large panel of yeast tRNAP®
transcripts indicates that both monomeric and tetrameric PheRSs are sensitive to the same determinants,
namely the GAA anticodon triplet, the last G1—-C72 pair in the acceptor helix and discriminator A73.
However, mt-PheRS seems less sensitive to the tertiary structure of tRNA than the cytoplasmic PheRS [233].
More recent information based on crystallography concern Phe identity of human mt-tRNAP" for
recognition by the minimalist human mt-PheRS that consists solely of two structural domains [133].
This aaRS has a broad specificity since it aminoacylates efficiently tRNAP™ transcripts of bacterial, eukaryal,
chloroplastic and mitochondrial origin [133]. But, unlike E. coli PheRS that recognizes an identity set
of 11 nts (from both extremities and the central core of L-shaped tRNA) [234], the human mt-PheRS
interacts with a restricted set consisting primarily of the G1-C72 pair and the discriminator base A73,
also proposed to contribute to tRNAP™ identity in yeast mitochondria. Recognition of G34 from the
anticodon requires huge conformational adaptations with a rearrangement of the anticodon-binding domain
and repositioning of tRNA via long-range electrostatic interactions [133].

5.2.4. Conserved Features and Peculiarities in mt-tRNA Aminoacylation Identity: An Overview

Despite recognition and aminoacylation specificities, mt-tRNAs from Group 1 (i.e., most mt-tRNAs
with canonical structure found in plants and fungi) seem to follow the “universal identity rules” of
cytoplasmic tRNAs. In contrast, many peculiarities are observed within mt-tRNAs from the other groups
(e.g., those with aberrant structure). The limited and partial results for these mt-tRNAs (only seven
identities have been superficially investigated) suggest that mt-aaRSs recognize minimalist identity sets
that can be restricted to the sole anticodon bases or elements from the acceptor branch. Additionally, as
shown for Ser identity, conformational motifs in mt-tRNAs likely serve as major identity determinants.
Such “conformational” determinants will certainly be essential for the activity of the bizarre mt-tRNAs
from Groups 3, 4 and 5, for which aminoacylation capacity is still not explicitly demonstrated for most
of them. Species-specific conformational flexibility of mt-tRNAs seems to be a common theme. The
degree of flexibility, likely, could be modulated by post-transcriptional modifications. Thus, as discussed
for cytosolic tRNAs [235], individual modified bases could act as positive determinants or negative
antideterminants in mt-tRNAs, and moreover could contribute collectively to identity. Altogether, specific
aminoacylation needed for correct protein synthesis in mitochondria is the result of intricate evolutionary
mechanisms for adaptation of nuclear-encoded aaRSs to degenerate mt-encoded tRNAs. In support to
this possibility, some of the modified bases localized in anticodon loops that are identity elements in
cytosolic tRNAs (e.g., ¥35 for Tyr identity or t°A37 for Ile identity) are found at similar positions in
homologous tyrosine or isoleucine mt-tRNAs [235].

Most extreme peculiarities come from the increasing amount of sequence data of mt-genomes that
suggest existence of armless mt-tRNAs or with aberrant acceptor stems and possibly without helical
folding. Although the precise structure and the aminoacylation ability of most of these putative tRNAs
remain unexplored, old data from literature support the possibility that tRNAs without helical acceptor
stem can be aminoacylated. This concerns a fragment of cytosolic yeast tRNAP" with an excised
5'-quarter, that can be efficiently aminoacylated in vitro by yeast PheRS provided the m7 group of G46
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is removed [236]. Also, a polyU (~30 U) with an attached 3'-CCA tail is aminoacylated by a mammalian
LysRS [237]. In both cases, the tRNA-mimics has great conformational flexibility and contain the major
Phe or Lys identity determinants from the anticodon [218]. In this context it is worth mentioning putative
mt-tRNAP"™ and mt-tRNAD® molecules with aberrant acceptor ends in arachnides from the genus
Aphonopelma and Hypochilus [129]. Interestingly, a putative mt-tRNA*" with single-stranded acceptor
stem is predicted in Hypochilus thorelli, but not in Aphonopelma [129].

6. Conclusions and Perspectives

Although the requirement of mt-tRNAs for mt-translation is obvious, the underlying molecular and
functional biology is diverse and only partly explored across the eukaryal world. Only a few
phylogenetic groups, mostly isolated species, have been extensively studied and often only for certain
aspects. Many conclusions on mt-tRNAs are based on bioinformatic exploration of mt-genomes without
experimental validation of the actual structures and functions of tRNAs. Huge technical difficulties for
preparing the required amounts of molecules or to conduct appropriate genetic experiments explain
this lack of validations, especially for mt-tRNAs in unusual taxonomic niches. Still, it appears that
mitochondria have evolved many independent features for all aspects of tRNA biology in their respective
eukaryote phyla. Consequently, generalizations about overall tRNA structural and functional features in
mitochondria are not easy to propose. Diversity has arisen with differences in evolution rates across
eukaryotic phyla and with different genetic exchange processes between nuclei and mitochondria.

Despite this diversity, conserved trends emerge. All mt-tRNAs have kept features of the primordial
RNA adaptors active in ribosome-dependent protein synthesis. This machinery, most of the time specialized
in the synthesis of membrane proteins in mitochondria, is confined to peculiar physico-chemical and
macromolecular environments. Adaptation to such environments requires a priori structural and functional
plasticity. This flexibility could rely on adapted recognition rules for the specific interaction of mature
tRNAs with their main macromolecular partners, namely aaRSs and mitoribosome. Altogether, this
suggests that the structural constraints on mt-encoded tRNAs might be less severe than for cytosolic
tRNAs (less modified nts and more conformational flexibility in mt-tRNAs) and that identity rules for
aminoacylation are simplified.

Nevertheless, because of its sheer diversity, the number of unanswered questions and of poorly understood
processes concerning mt-tRNA biology is huge. A few open questions regarding each of the main chapters
of this review are as follows. A first fundamental question relates to the number and nature of tRNAs
still encoded in mt-genomes. Why were variable numbers of tRNA genes maintained during evolution?
Is this always the result of co-evolution with tRNA import? In some instances imported tRNAs seem to
be redundant with mt-encoded tRNAs. Could this mean that these tRNAs might sometimes be involved
in processes not related to translation? The tRNA import processes described so far imply that tRNAs
are at least partially unfolded during import. Does this mean that these tRNAs are not fully matured and
that their structure might be locked inside mitochondria, e.g., through modification events?

Then, another fundamental question is to understand the evolutionary reason for the diversity of mt-tRNA
sequences and structures. Why are mt-tRNAs nearly canonical in some phyla while they are peculiar in
others? Is this related to phyla-specific diversities in the physiological environment of mitochondria
(i.e., local pH, salt, ions and macromolecule concentrations) or is this the result of specific co-evolution
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processes of tRNAs and tRNA binding proteins in the respective eukaryote groups? Answers might be
brought by a more comprehensive characterization of mt-tRNAs across the eukaryote world.

Following this, it will be interesting to determine how the diversity of tRNA maturation systems
correlates or not with the diversity of tRNA structures. Have mitochondria evolved independent and
specific maturation processes in different eukaryote groups or have ancestral maturation systems rather
recruited additional factors to cope with the apparition of non-canonical tRNA structures in some phyla?
Another challenge will be to determine to what extent maturation enzymes occur as multifunctional
complexes as already observed and how their interactions have implications for the regulation of mt-tRNA
biogenesis. Finally, it will be essential to understand if the different mt-tRNA structures are characterized
by specific aminoacylation identity rules in the respective eukaryal groups. Answers will be found by a
more thorough characterization of mt-tRNAs aminoacylation determinants and antideterminants as well
as by aminoacylation kinetics in representative eukaryal phyla.

Answers to questions raised here will help to understand how mitochondrial dysfunctions, often
pathogenic in human, can be directly related to mutations in the mt-genome or if they are rather associated
with defective tRNA biogenesis machineries. Moreover, the observation that tRNA related dysfunctions
are often not directly correlated with strong translational disorders might point out new functions held
by tRNAs in mitochondria. Overall, the major challenge of future research on mitochondrial tRNA biology
will be to understand if original strategies appeared in mitochondria during eukaryote history as an
adaptation to changing mt-genomes and mt-tRNA structures and/or if the tRNAs structures co-evolved
with maturation and functional processes to cope with particular mitochondrial environments.
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