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Abstract. The human mitochondrial genome encodes 13
proteins, all subunits of the respiratory chain complexes
and thus involved in energy metabolism. These genes are
translated by 22 transfer RNAs (tRNAs), also encoded by
the mitochondrial genome, which form the minimal set
required for reading all codons. Human mitochondrial
tRNAs gained interest with the rapid discovery of corre-
lations between point mutations in their genes and vari-
ous neuromuscular and neurodegenerative disorders. In
this review, emerging fundamental knowledge on the
structure/function relationships of these particular tRNAs

and an overview of the large variety of mechanisms
within translation, affected by mutations, are summa-
rized. Also, initial results on wide-ranging molecular
consequences of mutations outside the frame of mito-
chondrial translation are highlighted. While knowledge
of mitochondrial tRNAs in both health and disease
increases, deciphering the intricate network of events
leading different genotypes to the variety of phenotypes
requires further investigation using adapted model sys-
tems.
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Introduction

Normal and pathological activities of human mitochon-
dria are dependent both on the expression of the mito-
chondrial (mt) genome — a small circular DNA coding for
13 proteins, 22 transfer RNAs and 2 ribosomal RNAs
(rRNAs) — and on the expression of numerous nuclear
genes whose products are imported into mitochondria.
These are estimated as 1000—2000 proteins and possibly
several RNAs. The imported proteins include metabolic
enzymes (mitochondria host numerous metabolic path-
ways, including the oxidative phosphorylation pathway,
citric acid cycle, fatty acid degradation, heme biosynthe-
sis and urea cycle [1]), and actors necessary for mainte-
nance and expression of the mt genome. Replication and
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transcription exclusively depend on nuclear-encoded
proteins. Translation is of dual origin, rendering this
process of particular interest (fig. 1). Most partners of the
mitochondrial protein synthesis machinery such as
aminoacyl-tRNA synthetases, initiation, elongation and
termination factors, ribosomal proteins, as well as en-
zymes involved in maturation and post-transcriptional
modification of tRNAs, are nuclear encoded. Alterna-
tively, the key molecules of this process, namely the set of
22 tRNAs and 2 major rRNAs, are of mitochondrial ori-
gin. The dual origin of the macromolecular partners in
mitochondrial translation raises numerous unsolved
questions concerning their characteristics, interactions,
coordinated regulation, stoichiometry and activity. Mt
tRNAs are central to these processes. The 13 mitochon-
drial translation products are all subunits of the respira-
tory chain complexes localized in the inner mitochondr-
ial membrane, and are complemented by about 70 addi-
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Figure 1. Dual origin of the human mitochondrial translation machinery. The mt genome codes for 22 tRNAs and 2 rRNAs (highlighted
in green), while the nuclear genome encodes all other macromolecules involved in the mitochondrial translation machinery (in pink). Trans-
lation of the mitochondrial protein genes leads to 13 subunits (green hexagons) of the respiratory chain complexes. These are comple-
mented by additional 70 subunits (pink hexagons) translated from nuclear genes and imported to mitochondria from the cytosol. The res-
piratory chain complexes form a physical and biochemical borderline between the mitochondrial matrix and the cytosol. All other activi-
ties of mitochondria, including numerous metabolic pathways as well as genome maintenance and expression, are coordinated by
macromolecular partners (mainly proteins) encoded by the nuclear genome and imported.

tional subunits of nuclear origin to form active complexes
for ATP synthesis (fig. 1). Thus, the activity of tRNAs as
key effectors in translation is linked to metabolic activity
at the physical and biochemical borderline between the
mitochondrial matrix and the cytosol.

Mt genomes undergo high rates of mutations (10-fold
higher than the nuclear genome) (e.g. [2, 3]). Numerous
single nucleotide polymorphisms have been taken advan-
tage of to determine population movements and recon-
struction of human prehistory (e.g. [4, 5]). Such poly-
morphisms are apparently harmless to the affected gene
and gene product. On the other hand, a large number of
mutations correlate with a range of moderate to severe
neuromuscular and neurodegenerative disorders [6—11].
Strikingly, more than 50% of the characterized pathol-
ogy-related mutations concentrate within the tRNA
genes, which represent only 10% of the mt genome. Un-
derstanding the molecular events underlying the various
genotype/phenotype relationships in these mt tRNA dis-

orders requires investigation of mt tRNAs both within
and outside the frame of mitochondrial translation.

In this review, the increasing fundamental knowledge on
human (and by extension on mammalian) mt tRNAs in
mitochondrial translation, revealing original characteris-
tics, is first summarized. Emphasis is given to tRNA
biosynthesis, tRNA structural characteristics and tRNA
interactions with different partners of the protein synthe-
sis apparatus. In a second part, point mutations in mt
tRNA genes and the complexity of their relationship to a
variety of diseases are recalled. Further, a survey of the
present knowledge on the impact of pathology-related
mutations on tRNA structure/function relationships in
mitochondrial translation will emphasize the diversity of
molecular effects so far detected. Finally, recent discov-
eries on wide-ranging effects of tRNA mutations outside
translation are presented. Despite the variety of ap-
proaches applied and the diversity of impact sites of mu-
tations investigated, only the ‘emerging part of the ice-



1358 C. Florentz et al.

berg’ corresponding to the molecular cascade events un-
derlying the pathologies is even starting to become un-
raveled. Recent developments of animal model systems
allowing for investigation of mt DNA mutations offer
new perspectives for elucidation of mt genome-linked
diseases.

Human mitochondrial tRNAs in health

tRNAs are key actors in protein biosynthesis

tRNAs are fundamental actors in the conversion of the
4-letter nucleotide alphabet into the 20-letter protein lan-
guage. Their structural and functional characteristics
have been established soundly over half a century, and
rules for recognition and interaction with macromolecu-
lar partners are well established [12, 13]. However, while
the partners of the translational machinery are well de-
fined in bacteria and cytosolic eukaryotic systems, far
less is known about mitochondrial systems, and espe-
cially about human and mammalian mitochondrial sys-
tems. Particular structural features of mt tRNAs from var-
ious organisms have been reviewed [14, 15]. In what fol-
lows, major features of mammalian systems are recalled.

Role of tRNAs in human mitochondrial translation
Mammalian mitochondria require a complete translational
apparatus for the synthesis of only 13 proteins. These pro-
teins are all subunits of the respiratory chain complexes,
and are involved in electron transfer and ATP synthesis.
Seven proteins correspond to subunits of NADH-
ubiquinone oxidoreductase (complex I; ND1-6), one is
the cytochrome b apoprotein of ubiquinone cytochrome ¢
oxidoreductase (complex III; cytb), three are subunits of
cytochrome ¢ oxidoreductase (complex IV; CO1-3) and
two are subunits of ATP synthase (complex V; ATPO,
ATPS). Only complex II, succinate dehydrogenase, con-
sists exclusively of nuclear-encoded proteins. The 13 mi-
tochondrial-encoded proteins are strongly hydrophobic
(about 60 % aliphatic and aromatic amino acids), a prop-
erty which may account for maintenance of the corre-
sponding genes within the mt genome, while all others
have been transferred to the nuclear genome [1]. Accord-
ing to this imbalanced amino acid composition, the rela-
tive functional importance of the 22 tRNAs is different in
mitochondrial translation. Thus, some aminoacyl-tRNAs
(e.g. Ser-tRNASr, Tle-tRNA", Thr-tRNA™ and Leu-
tRNA) are required at much higher steady-state levels
than others (e.g. Cys-tRNA®) [15].

tRNA biosynthesis
Human mt DNA sequence and gene organization were
determined more than 20 years ago [16—18]. The 22

Human mitochondrial tRNAs

tRNA genes lead to 18 tRNAs each specific for one
amino acid, and 2 tRNAs specific for leucine and to 2
tRNAs specific for serine. tRNALUUR) and tRNAL(CUN)
decode UUR and CUN leucine codons, respectively, and
tRNASerAGY) and tRNASeUCN) decode corresponding ser-
ine codons. The tRNA genes are distributed all along the
16.6-kb DNA, and punctuate of the protein-encoding
genes [17]. Whereas 14 of the 22 genes are encoded on
the light DNA strand (C-rich strand), the 8 remaining
genes are encoded on the heavy strand. Transcription of
the mt genome leads to two large primary transcripts cov-
ering total information of either of the DNA strands, and
a third, smaller transcript, containing tRNAP< tRNAW
and tRNAL(UUR) and the 2 ribosomal RNA genes. The
gene for tRNA(UUR) contains a transcriptional termina-
tion signal.

To convert the precursor transcripts into functional tRNA
molecules, several processing steps are required, leading
to the liberation of messenger RNAs (mRNAs), rRNAs
and tRNAs (fig. 1). An RNA-containing enzyme (RNase
P) is responsible for the generation of the mature 5’-end of
tRNAs (reviewed e.g. in [19—-21]). The removal of tRNA
3’ sequences is done by an endonuclease cleaving imme-
diately 3’ to the last nucleotide of the tRNA gene [22].
Further, tRNA nucleotidyl transferase adds a 5’CCA3’
sequence, non-coded but necessary for the activity of
tRNAs. A specific processing mechanism has been de-
monstrated for the two overlapping tRNA®" and tRNA®s
sequences within the precursor transcript [23]. In the
larger frame of mammalian mt tRNAs, a specific post-
transcriptional editing event has been reported once, in the
case of marsupial tRNAA* anticodon sequences [24].

Structural characteristics

Structure is the basis for function. tRNAs have structural
characteristics including a cloverleaf-like secondary
structure and an ‘L’-shaped three-dimensional (3D) struc-
ture [12]. The cloverleaf has well-defined characteristics
including size of stems and loops and the presence of
a number of conserved nucleotides at strategic posi-
tions. The ‘I’-shaped 3D structure is based on an intri-
cate, precise and conserved network of tertiary interac-
tions. Mt tRNAs from different organisms present struc-
tural features which deviate more or less strongly from
the classical ones [14]. While some show cloverleaf
structures very close to the canonical situation, as is the
case for Saccharomyces cerevisiae mt tRNAs, others are
referred to as ‘bizarre’ tRNAs. The most striking exam-
ples concern Caenorhabditis elegans mt tRNAs where
most are missing complete domains of the cloverleaf
[25]. Human mt tRNAs fall into both of these categories,
as will be detailed below. The exponential availability of
fully sequenced mammalian mt genomes in genome data-
bases has allowed for enlarged vertical comparisons of
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large numbers of tRNA sequences. A study performed on
679 tRNA gene sequences from 31 fully sequenced mam-
malian mt genomes, classified into 22 families according
to their amino acid specificity, allowed the prediction of
1, 2 and 3D characteristics of each family [26], thus lead-
ing to better-defined characteristics of human mt tRNAs.

Overall primary sequence properties

Due to the large difference in nucleotide composition of
the two strands of the human mt genome, a subset of
tRNAS can be considered as ‘heavy tRNAs’ (those tran-
scribed from the light DNA strand), while the others are
‘light tRNAs’ (transcribed from the heavy DNA strand).
The nucleotide composition of the two categories of
tRNAS is summarized in table 1. Light tRNAs are defi-
cient in G residues, and heavy tRNAs are deficient in C
residues. In consequence, a higher number of CpA and
UpA dinucleotides (nucleotide sequences very sensitive
to degradation [27]) are found in light tRNAs, and the es-
tablishment of non-classical G+U pairs is more common
in the heavy tRNAs [15]. Alignments of each of the 22
primary human mt tRNA sequences with the correspond-
ing sequences in other mammalian genomes [26] re-
vealed strong nucleotide conservation (e.g. tRNAs spe-
cific for methionine, leucine) as well as large variations
(e.g. tRNAs specific for aspartic acid). Further, while all
classical tRNAs share a set of strictly conserved or semi-
conserved residues at precise positions, this is only par-
tially the case for human and mammalian mt tRNAs (fig.
2 A). Since most of these nucleotides are involved in 3D
folding, they will be discussed below.

Secondary and tertiary structures

Twenty out of 22 human mt tRNAs fold into cloverleaf
secondary structures, however, with nonclassical dimen-
sions for loop domains (fig. 2 A, B). The two remaining
tRNAs deviate more significantly from the cloverleaf
structure. Indeed, tRNAS(AGY) has a shortened connector
1 and misses the complete D domain, and tRNASe(UCN
has an extended anticodon stem (6 bp instead of 5) (fig.
2B). Despite this apparent structural diversity, all these
tRNAs have to be recognized by protein partners of the
translational machinery, and to fit into the ribosomal ac-
tive sites. When making a comparison with the available
mammalian mt tRNA secondary structures, all three
types of foldings are maintained and confirm the highly
variable sizes of D and T loops [26]. Comparison of the
human mt tRNAs with the available human cytosolic
tRNAs (which are of classical type [28]) highlights the
following differences. The size of D loops varies from 1
to 10 (1 refers to the tRNA completely missing the D do-
main, leading to a final connection between the anti-
codon and the acceptor stem of 4 nucleotides) with a
mean of 5 nucleotides. This is smaller than the average
5—7-nucleotide-long D loops of cytosolic tRNAs. The
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Table 1. Nucleotide composition of human mitochondrial tRNA
genes.

tRNAs*  Average content per tRNA molecule
Total A C G U Py-A
number of
nucleotides
Light 71.3 257 16 10 19.6 128
Heavy 719 176  11.8 198 227 7.8

* Light tRNAs: Arg, Asp, Gly, His, Ile, Leu(CUN), Leu(UUR), Lys,
Met, Phe, Ser(AGY), Thr, Trp, Val. Heavy tRNAs: Ala, Asn, Cys,
Gln, Glu, Pro, Ser(UCN), Tyr.

T Total nucleotide content includes the 3’CCA end although not en-
coded by the mt genome.

size of T loops varies from 5 to 9 with a mean of 5 nu-
cleotides, also making a striking contrast with the strictly
conserved 7 nucleotides in classical tRNAs. The D and
T stems also often vary strikingly in size. Interestingly,
the so-called variable region containing 3-23 nu-
cleotides in the case of classical tRNAs and 4—19 in hu-
man cytosolic tRNAs is restricted to 4—5 nucleotides in
human mt tRNAs. Further secondary structure charac-
teristics are the presence of weak GU pairs and of mis-
matches in helical domains. Light tRNAs are rich in mis-
matches (mean of 1.1 mismatch per tRNA) and poor in
GU pairs (mean of 0.4 per tRNA); in contrast, heavy tR-
NAs are GU rich (3.9 pairs per tRNA), and poor in mis-
matches (0.1 per tRNA). This leads to a higher structural
flexibility of all the tRNAs. Some of the mismatches are
highly conserved in all mammalian mt tRNAs with a
given amino acid specificity. For example, those mis-
matches located in the acceptor domain of tRNAMe are
highly conserved (also at the level of the primary se-
quence).

The search for networks of tertiary interactions identical
to those determined for classical tRNAs (based on the
search for classically conserved nucleotides at strategic
positions) was largely unsuccessful. Horizontal align-
ments of primary sequences of each tRNA gene family
mainly highlighted the absence of a few strategic nu-
cleotides (fig. 2A), especially nucleotides G18 and G19
in the D loop and nucleotides T54T55C56 of the T loop.
Other elements (T8, A14, R15, A21, R26, R37, A58) are
generally conserved within a specific tRNA family, and
T33 is highly conserved among all mammalian tRNAs,
except those for tRNAMe. Only four families
(tRNALevUUR) - tRNALeuCN - {RNASH  and tRNAA)
showed strong conservation of all nine potential classical
tertiary interactions, including those between the D and
T loops, suggesting a classical L fold (fig. 2C). For all
other families, several of the classical tertiary interac-
tions cannot occur (fig. 2C). Defining 3D interactions in
these tRNAs remains a challenge, and only further ex-
perimentation will allow the alternate network of inter-
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Figure 2. Structural properties of human mitochondrial tRNAs. (4) Linear organization of human mt tRNA genes as compared with canon-
ical tRNA scaffolds in human cytosolic tRNAs. Names of tRNA structural domains are recalled in the upper part of the figure. Numbers
correspond to sizes of the domains. Highly conserved and semiconserved residues (R and Y for purine and pyrimidine, respectively) are in-
dicated. Size variations and degree of conservation of critical residues in mt tRNAs are emphasized by light-, middle- or dark-gray intensi-
ties (residues present in 50—70%, 70—90% or >90% of the mt tRNAs, respectively [26]). The CCA trinucleotide extremity is missing in
the corresponding mitochondrial genes and is enzymatically incorporated posttranscriptionally. Thus, they are not indicated here. (B) Typ-
ical secondary structures of human mt tRNAs. Left, the general structure of 20 tRNAs, middle, the case of tRNAS(ASY) missing the com-
plete D arm, and right, the case of tRNAS(UN which has a shortened connector 1 and an extended anticodon stem. (C) Schematic repre-
sentations of the 3D structures. Long-distance interactions are displayed as bold lines, and nonstrictly conserved triple interactions are high-
lighted by dashed lines. Gray zones highlight domains where variations in the number and type of interactions differ from tRNA to tRNA.



CMLS, Cell. Mol. Life Sci.  Vol. 60, 2003

actions underlying the 3D folding of each tRNA to be de-
ciphered.

Experimental data on mammalian mt tRNAs remains
scarce. Based on solution-mapping experiments with en-
zymatic and chemical probes, and/or on nuclear magnetic
resonance (NMR) studies, models for 2D and 3D struc-
tures of bovine tRNAP [29], bovine tRNAS(AGY) [3(0]
and bovine tRNAS(U™ [31] have been proposed. Tran-
sient electric birefringence measurements showed an un-
usual angle between the branches of mt tRNAs [32, 33].
Structural studies on mt tRNAs prepared by in vitro tran-
scription of cloned genes revealed that the human mt
tRNAD* folds into a functionally inactive bulged hairpin
structure. Phylogenic comparisons as well as structural
analyses of variant transcripts of this tRNA demonstrated
that a single methyl group at position 1 of A9 (m1A9) can
be sufficient to induce the cloverleaf folding of this un-
usual tRNA [34].

Posttranscriptional modifications

Like nuclear-encoded tRNAs, mt tRNAs are subjected to
post-transcriptional modifications. Nucleoside modifica-
tions have been shown to be critical for both the structure
and function of some classical tRNA species [35].
Presently, about 40 mammalian mt tRNAs have been di-
rectly sequenced, and 14 different modifications have
been determined [28]. For human species, post-transcrip-
tional modification contents and locations within 6
tRNAs have been identified (fig. 3). Most of these modi-
fications are like those found in other tRNAs, but some
are present at new positions. Thus, a methylation at an
adenine at position 9 is only found in mt tRNAY. Re-
cently, two new modifications, namely taurinemethyl de-
rivatives, specific to position U34 of the anticodon
triplets of human mt tRNAYs [36] and tRNALeuUUR) [37]
have been described. In general, the extent of modifica-
tion of mt tRNAs is lower than that of cytosolic tRNAs,
suggesting that their role is of higher importance. As dis-
cussed above, this importance is illustrated by the role of
m1A9 in tRNADPs, which hinders incorrect folding [34].

Interaction of mitochondrial tRNAs with partners

To fulfill their role in translation, tRNAs have to be rec-
ognized and to interact with a number of partners not only
allowing their specific aminoacylation, but also their
transfer to the ribosomal translation sites and interaction
with the mRNA.

Mt tRNAs and aminoacyl-tRNA synthetases

During protein synthesis, tRNAs are recognized by spe-
cific aminoacyl-tRNA synthetases (aaRSs) which ester-
ify the 3" end of the tRNA with the corresponding amino
acid. Several reviews have been devoted to the large body
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of knowledge on classical aminoacylation systems,
namely those from prokaryotic organisms or from eu-
karyotic cytosol (e.g. [38—40]). Organellar and more
specifically mammalian mitochondrial aminoacylation
systems are reviewed in [41].

The 20 aaRSs are nuclear encoded and imported into hu-
man mitochondria. This leads to the question of how
these enzymes can be distinguished from the set of cy-
tosolic aaRSs. Most genes for the 20 human cytoplasmic
aaRSs have been identified, and most of the correspond-
ing enzymes have been studied. This is far from being the
case for the mitochondrial synthetases. To our knowl-
edge, 4 human mitochondrial aaRSs have been cloned,
and the corresponding proteins overexpressed and char-
acterized. These are LeuRS [42], LysRS [43], PheRS [44]
and TrpRS [45]. In addition, sequence information and
basic structural data on the corresponding genes are
available also for GlyRS [46, 47], HisRS [48], [leRS [49]
and bovine SerRS [50]. Progress in annotation of the hu-
man genome and identification of gene products will
soon provide information for the missing aaRSs. Taking
into account early observations, it might, however, be an-
ticipated that no mitochondrial GInRS will be found since
no corresponding activity could be detected [51, 52]. For
most of the known aaRSs, mitochondrial and cytoplasmic
enzymes are encoded by distinct nuclear genes. Although
the two enzymes share significant sequence similarities,
these are lower than those observed between the mito-
chondrial and a prokaryotic aaRS (mitochondria are of
prokaryotic origin). Noteworthy are the well-known
GlyRS and LysRS cases, where mitochondrial and cy-
tosolic enzymes are encoded by the same gene. For
GIlyRS, there are two initiation sites for translation, so
that the two enzymes are only different at their N termi-
nus, one enzyme having the mitochondrial-targeting sig-
nal, the other not [46, 47]. For LysRS, an alternative splic-
ing pathway allows the insertion or not of the mitochon-
drial-targeting signal, leading to two mature aaRSs
differing only by a few residues at their N terminus [43].
Mechanistic properties of mitochondrial aaRSs have not
been fully investigated. For classical enzymes, their par-
tition into two distinct classes has been established ac-
cording to the structure of their catalytic domains. Two
alternate and highly conserved structural modes of fold-
ing, responsible for the two possible mechanistic ways of
amino acid activation and transfer, have been established
[53]. Interestingly, the known mammalian mitochondrial
aaRSs belong to the expected classes. tRNA recognition
by aaRSs has been investigated by the search for possi-
ble cross-reactions with synthetases from other organ-
isms. While not allowing for the establishment of a gen-
eral rule, this approach did, however, delineate the trend
for mitochondrial aaRSs to be able to aminoacylate het-
erologous tRNAs (Escherichia coli, mammalian cy-
tosols), whereas mt tRNAs are not recognized by het-
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Figure 3. Human mitochondrial tRNAs and posttranscriptional modifications. tRNAs are displayed in their 2D cloverleaf representations.
Posttranscriptional modifications are enclosed in squares. Abbreviations used are conventional, as in [28]. U * stands for taurinomethyl de-

rivatives. References are indicated in the text and in table 2.

erologous synthetases (aaRS from E. coli) [54]. In addi-
tion, establishment of kinetic aminoacylation parameters
highlighted that mitochondrial aaRSs are generally cata-
lytically less efficient than cytosolic or prokaryotic
homologues [42, 45]. Interestingly, tRNASe(UN and
tRNASerAGY) are aminoacylated by the same aaRS, al-
though the structure of the two tRNAs is very different.

Specific recognition of a tRNA by its cognate aaRS is de-
fined by precise rules and the presence of aminoacylation
identity elements (e.g. [55]). A direct and systematic
search for identity elements has been applied only to the
case of bovine liver tRNASeAGY) A dominant role, played
by the T loop (especially nucleotide A58) and by nu-
cleotides replacing the D loop, has been emphasized [56].
This is different from the identity elements found for the

cytosolic serine system, where the presence of a large
variable domain in the tRNA is necessary [50]. Informa-
tion on a subset of elements involved in aminoacylation
specificity is available in the case of marsupial tRNAAS,
where it was found that the central nucleotide of the anti-
codon is a dominant identity element [57]. Indirect infor-
mation on possible aminoacylation identity elements
emerges from the analysis of primary molecular effects of
mt tRNA pathogenic mutations correlated with neurode-
generative human diseases (see below). From a theoreti-
cal point of view, the nonconservation of the mitochon-
drial genetic code, as well as the particular structural fea-
tures of mt tRNAs [26] and mitochondrial aaRS (e.g.
[41]), suggest that aminoacylation rules may vary in mi-
tochondria, compared with cytosol and other systems. A
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significant example concerns alanylation, classically
governed by a conserved identity base pair, G3-U70, in
the amino acid-accepting stem of the tRNA, (e.g.
[58—60]), a combination surprisingly absent in the cor-
responding human mt tRNAA®, The comparison of mam-
malian mt tRNA sequences highlighting conserved struc-
tural features and conservation of nucleotides at individ-
ual positions within the secondary structures has been
explored as a theoretical source for identification of iden-
tity elements [26]. On the basis of the endosymbiotic ori-
gin of mitochondria, and of predicted conservation of
major identity elements in evolution, it was found that
most of the mt tRNAs contain the E. coli identity ele-
ments in large measure. The contribution of these ele-
ments to identity needs to be demonstrated experimen-
tally, however.

Aminoacylated tRNAs interacting with initiation
and/or elongation factors and with the ribosome

To initiate mitochondrial translation, the aminoacylated
tRNA specific for methionine is formylated at the
a-amine of the esterified amino acid by a tRNA trans-
formylase, and further carried to the ribosome by the
translation initiator factor IF2. Interestingly, in mam-
malian mitochondria, a single tRNAM® plays the role
of initiator and elongator tRNA, raising the question
how the use of this tRNA in these two steps of transla-
tion is regulated. Modulation of transformylase activity
would probably meet the needs for formylated versus
nonformylated Met-tRNAM¢ [61]. The bovine mitochon-
drial transformylase has been characterized and cloned
[61] and the pattern of its interaction with the tRNA
analyzed [62]. Elongation of translation is dependent
on binding of the elongation factor EF-Tu to the amino-
acylated elongator tRNAs. The bovine mitochondrial
elongation factors EF-Tu and EF-Ts have been cloned
[63], the affinity of EF-Tu for the tRNAs studied [64]
and the crystal structure solved [65]. Elongation factor
Tu recognizes the amino acid branch of classical tRNAs,
composed of the amino acid acceptor stem and the
T stem and loop [66]. Interestingly, in the nematode
C. elegans, two elongation factors coexist, namely one
specific for those mt tRNAs with a truncated T do-
main [67] and one specific for those missing the D arm
[68]. In mammalian mitochondria a single EF-Tu binds
all tRNAs, including tRNASGY) Jacking the D stem
[68].

The mitochondrial ribosomes are formed by a small 28S
subunit and a large 39S subunit [69]. They are character-
ized by a lower RNA content (33 %) compared with bac-
terial ribosomes (65%), with a correspondingly larger
number of protein subunits [70]. The small subunit con-
sists of a 12S RNA and 29 proteins, while the large sub-
unit consists of a 16S RNA and 48 proteins (mitochondr-
ial ribosomal proteins, MRPs). The two rRNAs lack a
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number of well-defined secondary structure elements
universally found in prokaryotic counterparts [71—73].
Numerous contributions based on 2D separation of pro-
teins led to detection of new mitochondrial proteins
([72, 73] and references therein). About 50% (14/29 and
28/48) of these mitochondrial ribosomal proteins are ho-
mologous to those present in prokaryotes or in the cytosol
of eukaryotes. However, the others are specific to mito-
chondrial ribosomes. Some of these proteins likely arose
to fulfill additional mitochondria-specific functions.
Thus, MRP-S29 was the first mitochondrial matrix pro-
tein reported to be involved in apoptosis [74] and
MRP-S31 to be associated with type I diabetes [75].
While the mitochondrial ribosome has specific charac-
teristics, all critical regions of its RNA and most of
the proteins are conserved, suggesting a function analo-
gous to that of bacterial or archaeal ribosomes. Not much
is known about the interaction of the tRNAs in the
ribosomal sites. However, the mt tRNA requires the pres-
ence of the homologous EF-Tu to become transferred to
the A site. While mitochondrial ribosomes are expect-
ed to accept all mt tRNAs, despite their unusual struc-
tures, access to the ribosome of the bovine mt
tRNASeAGY) jsoacceptor with a truncated D-domain is
restricted [76].

Interaction of tRNAs with mRNAs

The human mitochondrial genetic code diverges slightly
from the universal rules, with UGA codons for Trp
instead of termination, AUA and AUU for Met instead
of Ile and AGA and AGG for termination instead of
Arg (fig. 4). Codon reading requires flexibility [77, 78].
This is particularly the case here since there are only
22 tRNAs available to read the 60 coding codons. Figure
4 summarizes the codons to be read by a given anti-
codon. In several boxes of the genetic code, each cor-
responding to a same amino acid, a single anticodon
needs to bind 4 different codons. Indeed, 8 tRNAs with a
U at wobble position 34 are able to read all 4 codons of
the same group [Leu(CUN), Val, Ser(UCN), Pro, Thr,
Ala, Arg, Gly]. Either codon reading is based on two
base pairs instead of three, i.e. the wobble position
would not interact with the 3 nucleotide of the codon,
or U is able to pair with any of the 4 nucleotides. How-
ever, 5 further tRNAs also have U at the wobble posi-
tion, but read only those codons ending with A or G
[Leu(UUR), Gln, Lys, Glu and Trp]. This rises the ques-
tion why these U’s are restricted from base-pairing with
C or U. Likely they are post-transcriptionnally modified
so as to prevent the flexibility required for such codon
reading. In line with this interpretation, a modification at
the wobble position has been demonstrated both for
tRNALw(UUR) and for tRNADs [36, 37, 79, 80], and no
modification of U34 was found for tRNAP® [81] or
tRINASer(UCN) [821],
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Figure 4. Human mitochondrial codon usage and codon/anticodon interactions. (4) Mitochondrial genetic code. Light and dark gray boxes
highlight cases where a single anticodon needs to interact with four or two codons, respectively. In white boxes, only two codons are cod-
ing. Codon and anticodon triplets are given from 5 to 3’. Percentage (%) corresponds to the relative use of each codon for one given amino
acid. Numbers (nb) of amino acids are related to the need of each amino acid for translation of the 13 mitochondria encoded proteins. (B)
Emphasis on cases where a U residue is at the wobble position (34) of the tRNA anticodon and has to interact either with 4 codons (light
gray) or solely with 2 out of the 4 (dark gray boxes). The box with AUX codons (medium gray) is not considered since none of the corre-

sponding anticodons has U34.

Mitochondrial tRNAs in disease

Correlation between tRNA gene mutations and
neurodegenerative disorders

Ineffective mt DNA repair mechanisms and high oxida-
tive stress are responsible for the high rate of mutations
undergone by mt DNA (e.g. [2, 3]). Additionally, unlike
yeast or plant mt genomes, the human mt genome dis-
plays intron-deprived, juxtaposed and sometimes over-
lapping genes, so that only 5% of the molecule is non-
coding (transcription regulatory regions and replication
origin). While some of these mutations are neutral (poly-
morphic mutations) and contribute to the diversity of hu-
man populations (e.g. [4, 5]), many mutations correlate
with diseases (e.g. [6—11]). For simplification these are
referred to as ‘pathogenic mutations’ in what follows.

In regard to tRNA gene mutations, 117 polymorphic [5],
87 pathogenic and 4 mutations with an ambiguous status
have been reported over the last 13 years [83, 84]. All mu-
tations are displayed in figure 5, on cloverleaf representa-
tions of the 22 mt tRNA genes (tDNA). Mutations can be

located in any structural domain of the tRNA cloverleaf.
Loops as well as stems are hit by substitutions. Notewor-
thy, however, is the almost total absence of substitutions in
the anticodon triplet. The only known exceptions are the
T12298C polymorphic mutation in tRNAMCUN and the
G15990A pathogenic mutation in tRNAP®, Knowing the
fundamental roles played by the anticodon (for codon
reading and tRNA identity in a large number of systems),
it is understandable that these residues are preserved, and
most substitutions at the anticodon would be lethal. Sev-
eral tRNA genes are hot spots for polymorphic mutations,
while others are hot spots for pathogenic mutations. Poly-
morphic mutations are most found in the genes specific
for tRNA™ (16 mutations), tRNA**® and tRNAA® (8),
tRNASs, tRNAS" and tRNAMs (7). Pathogenic mutations
affect predominantly genes for tRNAL(UUR) (20 muta-
tions), tRNAD* (10) and tRNA" (10). Up to now, 21 of
the 22 tRNA genes are hit by disease-related mutations,
the gene for tRNAA® being so far the only exception.

The phenotypes related to pathogenic mutations are nu-
merous, ranking from mild (e.g. exercise intolerance,



CMLS, Cell. Mol. Life Sci.  Vol. 60, 2003 Review Article 1365

11} - n
A A A
Phe g Val g Leu(UUR) &
A —e | TOAT
577 G 1602 C-G 3230 G-C—s 3303T
=A 160G -—p - T T ~A—= 33020
I-A g A wmoic 3290C
m‘_‘?:l ! 3. —etoom waia %‘é ! f
e T cgc" "Aw 0030 2 CaaT1oM - Nl £o L V—
€0 1ot b A AA L rca T1EAA T 1054 c GAca AGGy . C
¢ andt S {° ikt o el 1odk
TCA 1 c GrahA CaG
W hpe A e s ] 11 R
. e 18424
0080 =—A=T — o 618C Ceh 280G T—e NTRAT
C=G AT /&--T-—-wm
A=T A-T 20006 .
‘E_: A C [+ A
GAN Trad 3284C = T AA
1634 a266
A A A
- C
lle & Met ¢ Trp & Asp
g . iy
4263 A - == = 7518
6-¢ m?"i a-f
v e =
o0 AT 43180 a-t 85160 A-T T521A =
owa ~A-T omr | PG Al i A-T
ToAe N f[ GG A454R Tk
arac,  TSA-T LA A . G-C ca /S T-A__ ATA
N\ o 18eee™ A ger T CeTree ino X DL B
ABY .8 AdGAG. T Aftcea®  GTTGS Aws AMArrggh ARG, Cose AA A
¥ T Sl g A T 1T SE2BT s i i "%1186 AAAG
AG A AN ‘il wrh, wAdt GACE G c i
AAARBA.  ATA saton 3106 u AN AGA A cA CATTTC
azsan =G I 4 - -1\ 5554A A
- S837 inaT G-C S554T
420 I—?-—-v—m G=G AsC T5853C A
c-G G-C B540A=— G -C 75436 A
R ce-cc LG ssa0n ¢
T e T
T, A—ne O S - BEC—T A
A T
42 e 5545 7548
A A
Lys Gly ¢ Arg ¢
8950 i A 10058 _A 10469
m-—.“_é_..m m‘é“{; 10405 L“e
BOGTAC - L i G=-C
“A T-A
G-E E356C BMBG c-G 100440 I:? 10 10457C
maed 5 Gl chc,” worc_ J-A 104106 =— 7 177 f/
{ 2 g[? A Bi47 10001C SToA T '[IlnY.lTlC A
Axtce AAGAG T AAACT "¢ ek A
C iy T [AAS AR ey S AMrrrah  TATS
1TAse, Mg o ax LAY hy NG 104204 141 ( T R
] 83424 GTAC c 10454C
/ T-A N\ 349G A %___br.l 10042G ; y} G!.._._..Y.!.A 10448C
SR acr, I 1000C 7 T-A 1o0a1C 100247 /?ZZI
e C-G,—eamA Too14a T4 104274 8¢
et ¢ %
T T
Tred TeG
10022 10436
: : : :
<
His B Ser(AGY): . Leu(CuN) ¢ Thr § s
12138 G -C 12207 G-C 12268 AT 15088 G- C
T-A AT C-G—=123MA 15886C =— T ~ A —»= 150510
A-T G-C A G
a-.‘r’ . 102A A=T
A-T & / A-T 122804
TN A-T 7
A-Trecech® G-,
A7 M8 Mo © GBTAC
AGG,. T,
mata it TTTO A et e GCATG
CARAAE, A 12189C A CC ) \
T-A K-S \NMazamar 12245
c-G A+ A\ T2230A
a_r—-mm g-?‘, £
Te I 1:2Me
AT AeC T A e 15924G
11660 A—a121720 G A B — 1014 "o A —e 1850230
T A=—ei12IT1G IG A T A
GG cT TaT
12168 12227 T 15920
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Figure 5 (continued).

limb weakness) to severe (even lethal), including muscu-
lar and/or neuronal disorders (e.g. myopathies, en-
cephalomyopathies, cardiopathies, diabetes, ophtalmo-
plegia, deafness). The most prevalent mutations corre-
spond to A3243G in tRNAMUWUR_ correlated with
MELAS (mitochondrial epilepsy with lactic acidosis and
stroke-like episodes) and A8344G in tRNAD*, correlated
with MERRF (myoclonic epilepsy with ragged red
fibers) syndromes.

Complexity in genotype/phenotype relationships

The relationships between genotypes and phenotypes are
complex (e.g. [7-9, 85]). Indeed, the same mutation can
lead to different pathologies, while the same pathology
can be correlated with different mutations. Some of these
observations might be explained by mitochondria-spe-
cific features such as mitotic segregation of maternally
inherited mitochondria (random tissue distribution of
mutated mt DNA) and heteroplasmy (wild-type and mu-
tated mt DNA coexist in the same mitochondrion or in the
same cell). In addition, the disease phenotype is ex-
pressed only above a given relative proportion of mutated
DNA. Despite this initial complexity, it is of importance
to decipher the biochemical and molecular mechanisms
linking any mutation in a tRNA gene to the correspond-
ing pathological status of the affected cell. This will in
turn allow the design of straightforward therapeutic ap-
proaches.

Initial biochemical features of tRNA-related pathologies
concern energetic deficiencies. These are characterized
by lower cellular respiration (oxygen consumption),
lower activity of the respiratory chain complexes (often
deficiency in complex I and complex IV activities) and
lower ATP synthesis. Due to the central role of tRNAs in
translation, leading to the synthesis of 13 mitochondrial
subunits of the respiratory chain complexes, direct de-
fects in mitochondrial translation were sought. A strongly
decreased rate of mitochondrial protein synthesis was in-
deed shown for several individual mutations in different
cellular backgrounds (e.g. [86—92]). The decreased res-
piratory chain activity is generally considered as linked to
the lower abundance of mitochondrial encoded subunits
or to the presence of nonfunctional subunits [7-9, 85].
However, exceptions where the rate of mitochondrial
translation was unaffected (or only very mildly affected)
by a tRNA gene mutation were also reported, suggesting
that alternative (or additive) mechanisms associate a
tRNA gene mutation with a phenotype [93, 94]. Numer-
ous studies have focused on deciphering the initial mole-
cular impact of mutations on the tRNA structure/ func-
tion relationship in translation. As summarized below, ac-
cording to the mutation studied, different steps of the
tRNA life cycle were found affected, demonstrating that
at a molecular level, the genotype/phenotype relationship
is also complex. Further studies allow wide-range sec-
ondary effects of the mutations outside of mitochondrial
translation to be deciphered.
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tRNAs malfunction in the context of mitochondrial
translation

Experimentation on molecular impact of mutations
during the tRNA life cycle

Investigation of molecular effects of mutations in mt
tRNA genes is a difficult task principally due to restricted
access to material and to the heteroplasmic nature of mi-
tochondrial DNA. A first breakthrough came from the
creation of couples of homoplasmic cybrid (cytoplasmic
hybrids) cell lines, i.e. cells with the same nuclear back-
ground and with mitochondria distinguished only by the
absence or presence of a specific mutation in a given
tRNA gene [95]. As an alternative, some studies have
been performed on patient biopsies or primary cell cul-
tures. Finally, wild-type and mutated tRNAs have been
prepared by cloning the corresponding synthetic genes
and in vitro transcription. These different approaches
have been described previously and will not be further
discussed here (e.g. reviewed in [15, 96]).

Table 2 summarizes the various levels at which tRNA de-
fects have been observed as a result of pathogenic muta-
tions (and includes all references). Only about 15 of the
87 mutations have so far been investigated for one or
more aspects of mitochondrial translation. Thus only 6
tRNAs have been considered, reflecting the technical dif-
ficulties discussed above. The best-studied mutations are
those related to MELAS (A3243G) and MERRF
(A8344G) syndromes. Mutations in the gene for
tRNALUUR) were found to affect termination of tran-
scription in generating a 19S RNA. A series of mutations
in tRNALUUR and in tRNASUTN affect maturation of
the primary transcript in interfering with RNaseP cleav-
age or 3’-tRNase cleavage, respectively. Further, some
mutations interfere with post-transcriptional modifica-
tion of specific nucleotides in the tRNAs; others do not.
While no drastic structural changes have been observed
in mutated tRNAs, the flexibility of mutated tRNAs is ei-
ther restricted or increased, hindering their optimal in-
terac-tion with molecular partners for functional means.
It was recently reported in the case of MELAS mutation
A3243G that the new nucleotide enables duplex forma-
tion between two tRNA molecules by intermolecular
base-pairing between the tRNA D loops. The sole feature
constant to all investigated mutations is their negative
effect on tRNA stability. Indeed, all mutated tRNAs stud-
ied are degraded faster than the corresponding wild-type
tRNAs.

In regard to tRNA function, the effects of mutations on
the aminoacylation properties of tRNAs have been the
most thoroughly investigated. A variety of surprising re-
sults have been obtained, leading sometimes to contro-
versies. For example, while some mutations do affect
aminoacylation, others do not. Typically, mutation 8344
does or does not affect aminoacylation depending on the

Review Article 1367

nuclear background of the investigated cell, or according
to the approach used for in vivo measurements. Determi-
nation of kinetic parameters of aminoacylation in the
presence of purified enzyme showed that the mutation af-
fects neither the rate of aminoacylation nor the affinity of
the enzyme for its tRNA. The systematic comparison of
the in vitro aminoacylation capacities of a series of
tRNA"-derived mutants revealed a large gradation in ef-
fects. In addition to the fact that mutations affect aminoa-
cylation either weakly or severely, several mutants were
shown to be competitive inhibitors of isoleucylation of
wild-type tRNA". This is relevant to the heteroplasmy in
patient cells, and highlights the possible negative effect of
a mutation not only on the tRNA molecule carrying the
mutation, but also on the ‘healthy’ corresponding tRNA.
Interestingly, also, one mutant showed an increased
aminoacylation efficiency relative to wild-type tRNA,
due to increased global conformational stability.

Present understanding of the effects of mutations on
aminoacylation suggests features idiosyncratic to each
mutation/aminoacylation system, depending on the bio-
logical environment. As suggested by others [93, 97],
aminoacylation may depend on additional factors (e.g.
chaperones or cofactors, ...) as was shown to be the case
for a subset of ‘classical’ tRNAs (e.g. [98]). Despite the
variety of effects observed, searching for primary effects
of mutations in human mt tRNAs at the level of the
aminoacylation process remains of major importance in
the frame of therapeutic approaches. Indeed, aaRSs,
which are nuclear-encoded proteins, appear to be ideal
tools at least at two levels. Transformation of affected
cells with the corresponding genes would allow for
higher steady-state levels of the synthetase in mitochon-
dria, which could increase aminoacylation of the defec-
tive tRNA, as was shown in E. coli [99]. Alternatively,
aaRSs may be used as shuttles for import of wild-type
tRNA, which may compensate for the deleterious mu-
tated molecules. Promising experiments along these lines
have already been reported [100, 101].

In a further functional event, the aminoacyl-tRNA is car-
ried towards the ribosome via interaction with translation
elongation factor EF-Tu. Only one study of the possible
effect of a mutation on the interaction with this factor has
so far been performed. It was concluded that EF-Tu pro-
tects the mutated aminoacyl-tRNA about twofold less ef-
ficiently than it protects the wild-type aminoacylated
tRNA from degradation, suggesting that the mutation in-
terferes with optimal interaction with EF-Tu [92]. In a fi-
nal step of protein synthesis, mutated tRNAs may become
unable to bind mRNA. This effect has been reported for
tRNADS with mutation A8344G. This mutation, located in
the T arm of the tRNA, leads to complete absence of a
post-transcriptional modification in the anticodon triplet
at position 34 in HeLa cells [92]. Absence of this speci-
fic modification hinders anticodon/codon binding. Inter-
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Table 2. Molecular effects of point mutation in mitochondrial tRNA biogenesis and functions.

Step in tRNA life
Mutation tRNA Experimental system Result References
Transcription
A3243G Leu(UUR) mitochondrial extract from impaired termination [133]
human KB cell cultures
A3243G Leu(UUR) cybrid/osteosarcoma impaired termination [93,134]
A3243G Leu(UUR) cybrid/osteosarcoma no effect on mTERF binding [91]
A3302G Leu(UUR) muscle, fibroblasts impaired termination [135]
A8344G Lys cybrid/osteosarcoma no effect on transcription [136]
A8344G Lys cloned myoblasts no effect on transcription [137]
T8356C Lys cybrid/osteosarcoma no effect on transcription [136]
Maturation
A3243G Leu(UUR) SV40 transformed B cells impaired RNAse P processing [138]
C3256T Leu(UUR) in vitro transcript impaired RNAse P processing [20]
A3260T Leu(UUR) in vitro transcript impaired RNAse P processing [20]
T3271C Leu(UUR) in vitro transcript impaired RNAse P processing [20]
T7445C Ser(UCN) in vitro transcript defect in 3" end processing [139]
Posttranscriptional modification
A3243G Leu(UUR) cybrid/osteosarcoma decrease in methylation [80]
A3243G Leu(UUR) cybrid/HeLa absence of modification of U34 [37]
T3271C Leu(UUR) cybrid/HeLa absence of modification of U34 [37]
A4269G Ile cybrid/HeLa no change [140]
7472insC Ser(UCN) cybrid/osteosarcoma no change [82]
A8344G Lys cybrid/osteosarcoma no change [80]
A8344G Lys cybrid/Hela absence of modification of U34 [36]
G15990A Pro in vitro transcript decrease in methylation [81]
Structure
A3243G Leu(UUR) in vitro transcript formation of duplexes [141]
T4285C Ile in vitro transcript global structural weakness [142, 143]
G4298A Ile in vitro transcript global structural weakness [142, 143]
A4317G Ile in vitro transcript global structural weakness [142, 143]
C4320T Tle in vitro transcript structural stabilization [142, 143]
G5703A Asn cybrid/fibroblast conformational alteration [90]
7472insC Ser(UCN) cybrid/osteosarcoma no effect [82]
Stability
A3243G Leu(UUR) cybrid/osteosarcome decreased [91]
A3243G Leu(UUR) cybrid/HeLa decreased [37]
T3271C Leu(UUR) cybrid/HeLa decreased [37]
A4269G Ile cybrid/HeLa decreased [140]
A8344G Lys cybrid/osteosarcoma decreased [88]
A8344G Lys in vitro transcript decreased [36]
Aminoacylation
A3243G Leu(UUR) cybrid/osteosarcoma decreased [91,93]
A3243G Leu(UUR) biopsy decreased [57]
A4269G Ile in vitro transcript decreased [144]
T4285C Ile in vitro transcript decreased [142, 143]
G4298A Ile in vitro transcript impaired aminoacylation, [142, 143]
competitive inhibition of
wt tRNA aminoacylation
A4317G Tle in vitro transcript decreased [143, 145]
C4320T Ile in vitro transcript increased [142, 143]
A8344G Lys cybrid/osteosarcoma decrease [88]
A8344G Lys biopsy no effect [57]
A8344G Lys tRNA from cybrid/HeLa no effect [92]
Binding to elongation factor EF-Tu
A8344G Lys tRNA from cybrid/HeLa decreased protection by [92]
EF-Tu against degradation
Codon reading
A8344G Lys cybrid/HeLa impaired codon reading [92]
G15990A Pro biopsy conversion to serine anticodon [144]
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estingly, in lung carcinoma cybrids, a suppressor
tRNALCUN) with a mutation at residue 12,300 (position
36 in the anticodon loop) compensates for deleterious ef-
fects of mutation A3243G in tRNAMUUR [102]. It has
been proposed that the compensatory mutation allows for
decoding UUR leucine codons while preventing mis-
reading of UUC and UUU phenylalnine codons [78].
The individual effects reported for different mutations
and/or different tRNAs could accumulate for a given mu-
tation to lead to deleterious mitochondrial protein synthe-
sis. This is the case when e.g. decreased stability and de-
creased aminoacylation efficiency lead to lowered steady-
state levels of aminoacyl-tRNA available to ribosomes.
This effect slows down ribosomal progression along the
mRNA and leads either to polysomes of lower size [103]
or to frameshifting events [104]. Alternatively, each indi-
vidual effect on tRNA biogenesis or precise function may
be sufficient to affect the whole translational machinery
and lead to the same final effect, namely decreased rate of
synthesis of respiratory chain subunits.

Theoretical considerations of pathogenic versus
polymorphic mutations

The complexity of the genotype/phenotype relationships,
diversity of molecular impacts of different mutations at
the tRNA structure/function level and discovery of new
mutations all call for a search for unifying features. Along
this line, a comparison of the basic features (at the level
of primary and secondary tRNA structure) of 68 patho-
genic mutations and 64 polymorphic neutral mutations
has been performed [105]. Both types of mutations ap-
pear to be distributed randomly. Most pathogenic muta-
tions affect highly conserved nucleotides, whereas most
polymorphic mutations affect rather nonconserved nu-
cleotides, with some exceptions. The degree of conserva-
tion of a nucleotide thus cannot be taken as a guarantee
that the mutation will be pathology related. Most muta-
tions are transitions (conversion of pyrimidine into
pyrimidine and of purine into purine), and those which af-
fect stem regions, convert canonical Watson-Crick base
pairs into mismatches, mostly C*A or GeU. Thus, despite
the accumulation of information about the positions of a
large number of mutations within mt tRNAs, it is not pos-
sible to identify simple basic features allowing the pre-
diction of pathogenicity of new mutations. Therefore,
systematic molecular investigations of pathogenic mu-
tants need to be extended to a large number of cases to
find unifying features at other levels.

Effects of mutations outside mitochondrial
translation

Due to the link between mitochondrial- and nuclear-en-
coded proteins involved in the formation of the respira-
tory chain complexes, deleterious effects of a point muta-
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tion in a mt tRNA gene could further spread to the cytosol
and its components and contribute to disease status.
Wide-ranging consequences of a mt tRNA gene mutation
have thus been studied.

Biochemical perturbations outside mitochondria
Biochemical consequences of mutations are numerous,
and lowered mitochondrial membrane potential [106],
less efficient calcium uptake by mitochondria and eleva-
tion of cytosolic steady-state calcium levels [107, 108]
have been reported. The reverse communication from mi-
tochondria to nucleus uses calcium-mediated pathways
activating calcium/calmodulin-dependent kinase, which
would phosphorylate the transcription factor CREB
(c-AMP-responsive element-binding protein). The phos-
phorylated CREB would mediate a proliferation defect in
mutation-carrying cells by an increase in transcriptional
activity of specific tumor suppressor genes [109]. Mu-
tated cells not only proliferate much more slowly than
healthy cells, but also undergo higher levels of apoptosis.
Apoptotic events, including decrease in membrane po-
tential [110], DNA fragmentation caused by the accumu-
lation of free radicals [111] and increased expression of
apoptosis-associated proteins (e.g. Fas, p75 and caspase-
3), have been reported in muscle biopsies of patients with
mt tRNA gene mutations [112]. In the case of these mu-
tations an imbalance of the relative abundance of nuclear-
encoded respiratory chain subunits compared with mt
DNA-encoded subunits occurs, which may favor cy-
tochrome ¢ inactivation and release. In consequence, cy-
tochrome ¢, together with the respiratory chain dysfunc-
tion, could activate apoptotic pathways which in turn
would lead to a decreased rate of mitochondrial transla-
tion and decreased import of nuclear-encoded mitochon-
drial protein precursors [112]. In addition to this ‘classi-
cal’ apoptotic pathway, unique apoptosis-related changes,
which differ from the caspase-3-dependent mechanism,
have been reported in muscle biopsies of a MELAS pa-
tient, while superoxides were overproduced and cy-
tochrome ¢ was released [113]. However, apoptosis can
be suspended in muscle of MERRF and MELAS patients
[114]. The authors describe the induction of cytochrome
c release and the activation of caspase-3. However, only
mild peripheral chromatin condensation, no DNA frag-
mentation and an increased expression of the human in-
hibitor of apoptosis protein were reported as compen-
satory mechanisms.

Perturbations in the mitochondrial proteome

To visualize the wide-ranging effects of a point mutation
in the context of mitochondrial disorders, a global ap-
proach using comparative proteomics has been devel-
oped. This method allows both quantitative and qualita-
tive variations of several hundred proteins to be investi-
gated at once [115, 116]. The first comparative
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proteomics study carried out on mitochondria from sib-
ling human cybrid cell lines, differing only by a single
point mutation in their tRNAD* gene (A8344G associated
with MERRF syndrome) or in their tRNAMUUR) gene
(A3243G associated with MELAS), has proven the feasi-
bility of such an approach [117]. Two-dimensional gel
electrophoresis (isoelectric focusing / SDS-PAGE) pro-
duces well-resolved 2D patterns of about 800 protein
spots. These gels can be analyzed for spot intensity vari-
ations between healthy and mutant samples, and proteins
in affected spots can be assigned by mass spectrometry. A
large decrease in the steady-state levels of two nuclear-
encoded subunits of respiratory chain complex IV (cy-
tochrome ¢ oxidase) was identified in both MERRF and
MELAS mutation-carrying mitochondria [117].

A detailed computer-assisted quantitative comparison of
MERRF mutation-carrying and healthy mitochondria-
derived 2D maps enlarged knowledge of the fate of about
800 silver-stained protein spots [P. Tryoen-Toth et al., un-
published]. A systematic analysis of all spots in 11 gel
couples allowed detection of 38 protein spots in the mu-
tated mitochondria, altered in intensity compared with
healthy ones. These include additional nuclear-encoded
subunits of respiratory chain complexes as well as mito-
chondrial metabolic enzymes and of proteins involved in
translation machinery. Most remarkably, subtle perturba-
tions such as changes in the post-translational modifica-
tion pattern of an enzyme were found. Thus, the pro-
teomic approach delivers a global view of the status of
mutated mitochondria, highlighting, beyond the direct
consequences of the primary molecular impact of a mu-
tation on the tRNA structure/function relationship, sec-
ondary events involving perturbations in mitochondrial
metabolic pathways. These in turn suggest cross-talk be-
tween the mitochondrial and nuclear genomes.

Conclusion and perspectives

mt tRNA gained interest in both fundamental and medical
aspects in recent years. tRNAs in health form a subgroup
of RNA, with specific structural and functional rules, still
not completely elucidated, which distinguish them from
cytosolic human tRNAs and from ‘classical’ tRNAs in
general. Further exploration will allow their mode of ac-
tion to be delineated in detail and for them to be consid-
ered from an evolutionary point of view. The correlation
between point mutations in mt tRNA genes and severe
neurodegenerative disorders stimulated molecular inves-
tigations of the mitochondrial translational system. Pre-
sent understanding of the primary molecular defects
points to numerous events within protein synthesis, gen-
erally converging (either as an individual effect or as a
combination of effects) on a decreased rate of synthesis
of the 13 mitochondrial respiratory chain subunits. Since
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exceptions were reported in which the rate of protein syn-
thesis was not significantly affected despite malfunction-
ing of the mutant tRNA [93], the contribution of addi-
tional factors to disease etiology has to be considered.
Along this line, comparative proteomic investigations of
healthy and mutation-carrying cells appear promising
[117; P. Tryoen-Téth et al., unpublished). Such studies
have to be performed on isolated mitochondria as well as
on the cytosol. Further, comparative transcriptomes of
healthy and disease-carrying cells [118] will contribute to
pinpoint important secondary partners involved in the
cascade of events leading from the genotype to the phe-
notypes of mt tRNA diseases.

The major limitation in the understanding mt tRNA dis-
orders remains access to efficient, representative model
systems. While the creation of cybrid cell lines allowed
for valuable comparative investigations, their derivation
from cancer cells remains a drawback. Primary cell cul-
tures (e.g. myoblasts) overcome this defect, but homo-
plasmy is often not achievable. Several model systems are
currently explored (reviewed in [119]). S. cerevisiae ap-
pears as a suitable simple organism since it allows posi-
tional cloning and is presently being investigated in the
context of mitochondrial disorders linked to nuclear gene
mutations [120, 121]. Moreover, complete restoration of
complex I activity in human cells lacking the essential mt
DNA-encoded subunit ND4 has been achieved by intro-
duction of the yeast NADH-quinone oxidoreductase gene
NDI1 [122]. A yeast mitochondrial transformation system
has been set up for study of a tRNA mutation [123]. How-
ever, a specific drawback resides in the large structural
differences existing between yeast mt tRNAs (which are
of canonical type) and mammalian mt tRNAs. Thus it is
likely that the structure/function relationships of yeast
tRNAs are different from those of human mt tRNAs. C.
elegans, a worm which contains structurally ‘bizarre’ mt
tRNAs has so far only been used to model a disorder
linked to a mutation in a nuclear-encoded mitochondrial
protein [124]. More appropriate models such as trans-
genic or knockout mice for a given mt tRNA gene, in
which the effects of a mutation can be studied at the level
of the whole organism, are still missing. Impressive
progress has been made in the field, however. In a first va-
riety of transgenic mice, impairment of mitochondrial
functions involved the abolition of nuclear-encoded
genes for mitochondrial proteins [125, 126]. Further, dis-
ruption of a nuclear gene for the mitochondrial transcrip-
tion factor A causes the depletion of mt DNA, loss of
mitochondrial transcripts, loss of mt DNA-encoded
polypeptides and severe respiratory chain deficiency
[127, 128]. This system allows spatial and temporal con-
trol of the knockout and makes it possible to create respi-
ratory chain deficiency in selected cell types/tissue/organ
of the animal [126, 128]. A transmitochondrial mouse
harboring a pathogenic mt DNA large deletion has also
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been reported [129]. In this model, the mutant mt DNA
was transmitted maternally to the germ lines, and its ac-
cumulation induced mitochondrial dysfunction in various
tissues [130]. Mitochondria in mouse tissues with mt
DNA deletion showed normal functions until the mt DNA
deletion accumulated. Below a level of 79% it had no
pathophysiological effect because of complementation by
the wild-type mt DNA [131]. Another knockout study de-
scribes a transmitochondrial mouse obtained by transfer-
ring exogenous mutant mt DNA (a point mutation near
the 3’ end of the 16S rRNA gene) into the mouse female
germ line by means of embryonic stem cell cybrids [132].
These animal models have proven that heteroplasmic mt
DNA mutations can be transmitted and will produce phe-
notypic abnormalities. Such exciting developments are
the harbingers of a new wave of research on human mito-
chondrial disorders, and offer the promise of a greater un-
derstanding of the basic biology of mt tRNAs in health
and disease.
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