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ABSTRACT

Although the gene sequences of all 22 tRNAs encoded
in the human mitochondrial genome are known, little
information exists about their sequences at the RNA
level. This becomes a crucial limitation when searching
for a molecular understanding of the growing number
of maternally inherited human diseases correlated with
point mutations in tRNA genes. Here we describe the
sequence of human mt-tRNA Pro purified from placenta.
It shows absence of editing events in this tRNA and
highlights the presence of eight post-transcriptional
modifications. These include T54, never found so far in
an animal mt-tRNA, and m 1G37, a modification known
to have fundamental functional properties in a number
of canonical tRNAs. Occurrence of m 1G37 was further
investigated in an analysis of the substrate properties
of in vitro transcripts of human mt-tRNA Pro towards
pure  Escherichia coli  methylguanosine transferase.
This enzyme properly methylates G37 in mt-tRNA and
is sensitive to the presence of a second G at position 36,
neighboring the target nucleotide for methylation. Since
mutation of nt 36 was shown to be correlated with
myopathy, the potential consequences of non-
modification or under-modification of mt-tRNA
nucleotides in expression of the particular myopathy
and of mitochondrial diseases in general are discussed.

INTRODUCTION

Knowledge on human mitochondrial (mt) transfer RNAs
(tRNAs) is very limited. Although the gene sequences of its 22
tRNAs are known (1), so far only tRNASer(AGY) has been
sequenced and analyzed with respect to structural features at the
RNA level (2). This delay is a serious drawback when a
correlation between a growing number of maternally inherited

neuromuscular diseases and mutations in human mt-DNA and
especially in genes encoding tRNAs has been reported (3–5). Direct
sequencing of the gene products will not only allow detection of
potential editing in human mitochondria but also establishment of
the post-transcriptional modification patterns of tRNAs.

Although all the roles that the numerous modified nucleotides
found in tRNAs (∼80) might play have not yet been deciphered,
some have been demonstrated. Thus their contribution to
structural stabilization was confirmed by a variety of approaches,
including chemical and enzymatic probing in solution, NMR and
crystallography (reviewed in 6). As to their functional properties,
post-transcriptional modifications were reported as main factors
in both aminoacylation and codon binding (reviewed in 7). Base
modifications have been reported as crucial identity elements for
several specific aminoacylations (8–11) and as elements
hindering mischarging by non-specific aminoacyl-tRNA
synthetases (8,12,13). They are also involved in correct codon–anti-
codon interactions (14,15) and preventing frameshifting during
mRNA translation (16). Clearly, mutations in tRNA genes may
affect the post-transcriptional modification pattern of gene products
and thus affect their structural and/or functional properties.

Here we describe the primary structure and post-transcriptional
modification pattern of human mt-tRNAPro. Our attention has
focused particularly on methylation of residue G37 within the
anticodon loop of the tRNA. This position is often methylated in
tRNAs. In Escherichia coli, for example, methylation of G37
occurs in several tRNAs, catalyzed by a specific tRNA
methyl-1-guanosine transferase (1MGT) that has been cloned,
overexpressed, and well characterized (17,18). This enzyme
requires not only the presence of G37 but also of a neighboring
guanosine at position 36 (19,20), a sequence combination that is
present in the human mt-tRNAPro investigated here. In addition
to residues G36 and G37, which can be transplanted into several
heterologous tRNA species which are not natural substrates,
converting them to excellent substrates (20), the enzyme requires
a proper conformation of its substrate for maximum catalytic
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efficiency. Deletion of any of the loops of tRNAs with a long
variable arm or disruption of D loop–T loop or core interactions
in classical tRNAs dramatically impair methylation efficiency
(20). Proper base stacking in the anticodon stem is also important
(19). Given these observations we believe that 1MGT can serve
as a probe in tRNA conformation studies, provided that the
crucial G36G37 couplet is present. Furthermore, a human
myopathy has been reported to be correlated with the single
mutation C15990T in the mt-tRNAPro gene (21), a mutation
which corresponds to a G36→A36 transition at the tRNA level.
Thus we have investigated the methylation properties of an in
vitro transcript of human mt-tRNAPro by E.coli 1MGT and the
effects of a mutation at position 36 on these properties. Assuming
that the methylase performing post-transcriptional modification
of tRNAPro in human mitochondria follows the same rules as the
E.coli enzyme, we discuss the potential impact of alteration of the
modified nucleotide pattern of tRNAs in mitochondrial disease
on the basis of our present knowledge of the role of modified
nucleotides in tRNA structure–function relationships.

MATERIALS AND METHODS

Chemicals, oligonucleotides and enzymes

[3H]S-adenosyl L-methionine (AdoMet) (78 Ci/mmol, 1 µCi/µl)
was from Amersham and non-labeled AdoMet from Sigma.
Non-labeled 1 mM AdoMet stock solution as well as isotopic
dilutions were prepared in 5 mM sulfuric acid solution, pH 2.0,
and kept frozen at –20�C. [γ-32P]ATP and 5′-[32P]pCp were from
NEN Dupont.

Digitonin was from Fluka, toluidine blue O from Sigma,
Sephadex G25 (medium size) from Pharmacia Biotech and
Rotiphorese gel 40 from Roth-Sochiel. 3MM paper was from
Whatman. Streptavidin-coated magnetic beads (Streptavidin
MagneSphere paramagnetic particles) were from Promega,
Microcon 10 centrifugation units from Amicon (Millipore) and
the non-aqueous scintillation cocktail Ecoscint O� from
National Diagnostics (Prolabo). Cellulose avicel F 1440 plates for
TLC and cellulose acetate CA 250/0 strips for electrophoresis
were from Schleicher & Schuell. Polygram CEL300 DEAE/
HR-2/15 (20 × 40 cm2) plates for homochromatography were
from Macherey-Nagel. Oligonucleotides used for cloning were
generated on an Applied Biosystems 381A DNA synthesizer
using the phosphoramidite method and purified by HPLC
on Nucleosil 100-5-C18 columns (Macherey-Nagel). The
5′-biotinylated deoxyoligonucleotide 5′-CAGAGAAAAAGTCTT-
TAACTCCACCATTAG-3′, complementary to the 3′-end of human
mt-tRNAPro, was obtained from Eurogentec (Seraing, Belgium). All
other chemicals were of the highest purity available.

Nuclease P1 was from Boehringer-Mannheim, RNase T2 and
yeast hexokinase from Sigma, bacterial alkaline phosphatase
from Amersham Life Science, T4 polynucleotide kinase, and T4
RNA ligase from New England Biolabs (Ozyme). Phage T7 RNA
polymerase was prepared from the overproducing strain pBL221
(provided by Dr Studier, Brookhaven) according to Becker et al.
(22). Escherichia coli 1MGT was purified to homogeneity from
an overproducing E.coli strain (20). Human placentas were
recovered from a local hospital within 1 h after delivery and
transported to the laboratory on ice.

Purification of native human mitochondrial tRNAPro

Human mitochondria were isolated from placenta by differential
centrifugation (23) and mitochondria converted into mitoplasts
by digitonin treatment (24). Mitochondrial tRNAs were extracted
according to Roe (25) and further purified from contaminating
RNAs by chromatography on Qiagen-tip 500 (elution buffer
50 mM MOPS–NaOH, pH 7.0, 800 mM NaCl, 15% ethanol).

Native human mt-tRNAPro was isolated from total mt-tRNAs by
hybridization to a complementary biotinylated oligonucleotide
bound to streptavidin-coated magnetic particles according to Mörl
et al. (26), with minor modifications. Hybridization in 6× SSC
started at 70�C and release of bound tRNA was performed by
heating to 80�C. The supernatant was concentrated on a Microcon
10 unit. The tRNAs were then loaded on a thin (0.4 mm) 12%
polyacrylamide (19/1) denaturing gel (7 M urea, 1× TBE, pH 8.3)
of 80 cm length and run for ∼12 h at 3000 V, allowing the xylene
cyanol dye to reach the bottom of the gel. This long migration
allows both elimination of contaminating biotinylated
oligonucleotide from the tRNA and separation of tRNAs at one
nucleotide resolution (necessary for the subsequent sequencing
procedures). The tRNA bands were located by staining with
toluidine blue solution (0.03% in water). In the case of tRNAPro

two bands were observed. They were excised and eluted overnight
in RNA elution solution (500 mM ammonium acetate, 10 mM
magnesium acetate, 0.1 mM EDTA, 0.1% SDS) at room
temperature. The eluates were concentrated to 10 µl using
Microcon 10 (toluidine blue does not pass through the filter),
precipitated with 0.1 vol. 3 M sodium acetate, pH 4.8, 10 vol. cold
LiClO4/acetone (2% w/v) and recovered by immediate
centrifugation. This precipitation method is particularly suited for
small amounts or small fragments of RNA (27). Pellets were
washed once with 80% ethanol and dried under vacuum.

Sequencing of native tRNAPro

The primary structure of tRNAPro was determined using a
post-labeling method (28), adapted from Stanley and Vassilenko
(29). For partial degradation tRNAPro was heated for 3 min at
95�C in 2.2 M imidazole, pH 7.0, and the hydrolysate precipitated
with LiClO4/acetone. Post-labeled fragments were separated on
denaturing polyacrylamide gel or, for the shortest fragments, by
electrophoresis–homochromatography (28,30). After detection of
the labeled fragments by autoradiography the radioactive material
was eluted and digested with nuclease P1 to yield the terminal
labeled 5′-monophosphate nucleotides (the reaction proceeded for
3 h at 37�C in 50 mM ammonium acetate, pH 5.3, buffer with
0.15 U nuclease P1/10 µg carrier tRNA). Each sample was
analyzed on a 10 × 10 cm2 TLC plate using the isobutyrate/
phosphate bidimensional solvent system (31). The nature of the
modified nucleotides was determined by comparison with
reference maps (32) and confirmed using another solvent system
(33).

The identities of the 5′- and the 3′-end nucleotides of the tRNA
were determined by TLC analysis of the nuclease P1 digest of
5′-end labeled and of the RNase T2 digest of 3′-end labeled
tRNAPro respectively. For 5′-end labeling 0.2 µg tRNAPro was
dephosphorylated using 1 U bacterial alkaline phosphatase and
rephosphorylated according to standard procedures using
[γ-32P]ATP and T4 polynucleotide kinase. For 3′-end labeling
0.2 µg tRNAPro was incubated with 5′-[32P]pCp and T4 RNA
ligase according to England et al. (34) and Keith (35). Both
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labeled tRNAs were purified on polyacrylamide denaturing gels
at one nucleotide resolution, as described above.

The total content in modified nucleotides of human mt-tRNAPro

was established by 2D-TLC (20 × 20 cm2 plates) analysis of
5′-monophosphate nucleotides obtained by two different methods:
(i) complete RNase T2 hydrolysis of tRNAPro, 5′-labeling of the
mononucleotides, consumption of excess labeled ATP by glucose
kination (36) and total nuclease P1 digestion; (ii) random
fragmentation and post-labeling (as described above), consumption
of excess labeled ATP, separation of labeled fragments from glucose
6-phosphate on 22% polyacrylamide denaturing gel, electroelution
of RNA fragments and total nuclease P1 digestion.

Cloning of synthetic genes and in vitro transcription

Plasmid pUTL4 allowing in vitro transcription of E.coli tRNALeu
1

has already been described (19). Plasmids containing the synthetic
genes for wild-type and mutant human mt-tRNAPro to be used for
in vitro transcription were prepared according to Perret et al. (37).
For wild-type mt-tRNAPro the sequence was as in the mitochondrial
genome (1) and for the myopathy-related variant according to
Moraes et al. (21). Briefly, for each clone a double-stranded
construct, containing the T7 RNA polymerase promoter followed by
the tRNA gene sequence plus a CCA triplet and two G residues to
create a BstN1 restriction site, was generated using four overlapping
oligonucleotides inserted into pUC 119. Plasmids were amplified in
E.coli TG2 cells and purified by standard procedures (38).

Plasmids were digested with BstN1 prior to run-off
transcription with T7 RNA polymerase in the presence of the four
classical ribonucleoside triphosphates (37). Transcripts were
purified from contaminating DNA and excess XTP on
preparative 12% polyacrylamide–urea gels (40 × 20 × 0.22 cm3).
Electrophoresis was at 600 V for 6 H. The transcripts were
visualized by UV shadowing, excised, electroeluted using a
Schleicher & Schuell Biotrap apparatus and ethanol precipitated.
They were desalted by filtration on a 1 ml Sephadex G25 spin
column. Quantification was by spectroscopy assuming A260 = 1
corresponds to a tRNA concentration of 40 µg/ml. Based on the
nucleotide composition, 1 µg transcript corresponds to 36 pmol
tRNALeu

1 and 44 pmol tRNAPro. In what follows transcripts
corresponding to E.coli tRNALeu

1, to human wild-type mt-tRNAPro

and to its disease-related variant will be referred to as Leu1, ProWT
and Pro(G36A) respectively.

Methylation of transcripts by 1MGT

The standard methylation reaction was carried out in a final volume
of 50 µl containing 100 mM Tris–HCl, pH 8.0 at 37�C, 1 mM DTE,
0.1 mM EDTA, 6 mM magnesium chloride, 24 mM ammonium
chloride, 100 µM AdoMet (specific activity 0.2 Ci/mmol), variable
concentrations of tRNA transcripts (0.5–56 µM) and an adequate
amount of 1MGT (diluted in buffer containing 50 mM Tris–HCl,
10% glycerol and BSA to obtain a final concentration in the
reaction mixture of 0.1 mg/ml). Reactions were initiated by
addition of AdoMet, which was kept on ice until use. Aliquots
were removed at different time points, spotted onto Whatman
3MM paper squares and precipitated in cold 5% TCA for 10 min.
The paper squares were washed twice with cold TCA (2 × 10 min),
once with ethanol (5 min) and dried. The radioactivity retained on
the papers was counted by liquid scintillation. Specific activity of the
methyl group bound to tRNA was estimated from total methylation
of the Leu1 transcript and found to be on average 11.5-fold higher

than specific activity of free AdoMet. This coefficient was used
for subsequent determinations.

For plateau measurements each transcript at 8 and 16 µM was
methylated by 80 µg/ml 1MGT for times up to 20 min. For kinetic
parameter determination by Lineweaver–Burk analysis the
amount of enzyme was optimized to ensure that the velocity was
not close to Vmax when using the highest concentration of
substrate and that methylation was linear up to 8 min when using
the lowest concentration. For substrate concentrations around the
Km these conditions were achieved with 2 and 4 µg/ml 1MGT for
Leu1 and ProWT respectively. For inhibition tests of ProWT
methylation by Pro(G36A) a constant concentration of 4.5 µM
ProWT and increasing concentrations (0–35 µM) of Pro(G36A)
were used. The enzyme concentration was 1 µg/ml and samples
were collected after 4 min incubation.

Search for methylated nucleotides within in vitro methylated
tRNAPro transcript

ProWT transcript was methylated in vitro using non-labeled
AdoMet (10 µg ProWT and 2.5 nmol AdoMet were incubated with
1 µg 1MGT in 50 µl for 10 min at 37�C). After purification at one
nucleotide resolution on a denaturing gel the search for methylated
nucleotides was by the post-labeling method described above.

RESULTS

Primary structure of human mitochondrial tRNA Pro

Human mt-tRNAPro is known by its gene sequence (Fig. 1a). This
gene is located between the tRNAThr gene and the regulatory D loop
region and is encoded by nt 15955–16023 of the light strand of
mt-DNA. The canonical CCA 3′-end is not encoded. In order to
determine the tRNA nucleotide sequence human mt-tRNPro was
isolated from placental total mt-tRNA by hybridization to a specific
biotinylated 30mer oligonucleotide. One single binding cycle to
streptavidin-coated magnetic beads yielded ∼2 µg tRNAPro starting
from 300 µg total mt-tRNA. This tRNAPro preparation displayed
two bands on a 12% denaturing polyacrylamide gel, differing by
only 1 nt. Both bands have the same content of modified nucleotides
and differ only in the 3′-end sequences (-CC and -CCA respectively)
(data not shown). The total pattern of modified nucleotides after
TLC is displayed in Figure 2. The full nucleotide sequence of the
natural tRNAPro is presented in Figure 1b. It corresponds to that
expected from the gene sequence and shows in addition the
presence of eight modified nucleotides. These are m1A9, Ψ27,
Ψ28, Ψ32, m1G37, Ψ38, T54 and Ψ55. Nucleotides 27, 28 and
38 were modified to only 10–30%. Numbering of the nucleotides
is according to canonical rules (39). In the D loop the absence of
conserved residues G18 and G19 and the presence of conserved
or semi-conserved residues A14, R15, U17, U20 and A21 lead to
an arbitrary gap in numbering between residues 17 and 20.
Nucleotide 47 in the variable domain is absent, as is one base pair
in the T stem (see Discussion below).

Methylation by E.coli 1MGT of in vitro transcribed human
mitochondrial tRNA Pro

As shown in Figure 3, ProWT is efficiently methylated in the
presence of Ado-Met and pure E.coli 1MGT. The level of
methylation is as high as in E.coli Leu1, which corresponds to one
of the natural substrates of the enzyme. Indeed, the methylation
reaction reaches a plateau within 20 min and the level of
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Figure 1. Secondary structure of human mt-tRNAPro according to its gene sequence (a) and to direct sequencing after extraction of native tRNA from human placental
mitochondria (b). In (a) numbering is that of the mitochondrial genome (1). Position of the myopathy-inducing mutation at nt 15990 is indicated. Note that the CCA
3′-end of the tRNA is not encoded. In (b) numbering is according to Sprinzl et al. (39). T stands for ribothymidine, Ψ for pseudouridine. At positions 27, 28 and 38 U
residues are under-modified: only 10–30% are converted into Ψ.

methylation of ProWT relative to Leu1 is 92% (Fig. 3a). Moreover,
the kinetic parameters of methylation of both molecules are similar.
For Leu1 the Km is 2.2 µM and the Vmax 215 pmol/min/µg enzyme,
whereas for ProWT the Km is 52 µM and the Vmax 212 pmol/min/µg
enzyme (Fig. 3b). Thus the Vmax/Km ratio for ProWT drops by a
factor of 24 only relative to Leu1. This effect is linked to
differences in Km only. As expected, methylation of ProWT
occurred only at nitrogen 1 of G37, as checked by sequencing of
the in vitro methylated transcript (not shown).

Effect of mutation G36A in tRNAPro on in vitro methylation
by E.coli 1MGT

The role of the nucleotide at position 36 in methylation of human
mt-tRNAPro was checked by studying the substrate properties of
an in vitro transcript with a mutation G36→A36. This mutation
is reminiscent of that described in the case of a human pathology
(21) and is referred to as transition C15990T in the human
mitochondrial genome. Since tRNAPro is encoded by the light
strand of mt-DNA, this mutation corresponds to replacement of
G36 by A36 in the tRNA sequence. When assayed under the same
conditions as described above the corresponding in vitro
transcript Pro(G36A) could not be methylated significantly.
Indeed, only a low level of radioactivity could be incorporated
into Pro(G36A) after 20 min incubation (Fig. 3a), thus preventing
more elaborate kinetic measurements. We conclude that
Pro(G36A) is an extremely poor substrate for E.coli 1MGT. In
addition, Pro(G36A) is neither an inhibitor of the enzyme nor a
competitor of ProWT methylation, as shown by competition
assays (Fig. 3c). Indeed, no decrease in ProWT methylation was
observed with increasing amounts of Pro(G36A). The slight
increase in radioactivity incorporation found with an 8-fold

excess of Pro(G36A) could reflect moderate methylation of the
Pro(G36A) mutant. In conclusion, mutation G36A disables
efficient interaction of human mt-tRNAPro in vitro transcript with
the methylase and strongly impairs susceptibility to methylation
of the tRNA.

Figure 2. 2D-TLC showing the presence of m1A9, T54, m1G37 and Ψ besides
the four standard nucleotides and a rearrangement product of m1A, m6A. This
pattern was obtained by P1 digestion of post-labeled fragments produced by
random hydrolysis of tRNAPro (see Material and Methods) and run in the 2D
solvent system described in Silberklang et al. (31). Other slight spots (for
instance to the right of pU) do not correspond to known nucleotides, even when
analyzed with other solvent systems, and furthermore were not observed in the
band-by-band analysis of the post-labeling sequencing procedure, therefore
they may represent artifacts.
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Figure 3. In vitro methylation by E.coli 1MGT of in vitro produced transcripts. (a) Methylation of 800 pmol Leu1 (solid squares), ProWT (open squares) and
Pro(G36A) (open circles). (b) Lineweaver–Burk representation of methylation of Leu1 (solid squares) and ProWT (open squares) transcripts, allowing calculation
of kinetic parameters. (c) Inhibition experiments of methylation of 4.5 µM ProWT by increasing concentrations of Pro(G36A). All values are relative to the methylation
level of ProWT alone.

DISCUSSION

Nucleotide sequence of human mt-tRNAPro

Here we describe the first nucleotide sequence of an animal
proline-specific tRNA, namely that from human mitochondria.
The primary structure of this tRNAPro corresponds to that
predicted from its gene sequence (1). Thus no editing is involved
in maturation of this tRNA, although editing of nucleotides is
frequent in mt-tRNAs, in particular within the anticodon (40) and
at the discriminator position (41,42). Editing processes have been
observed in birds and non-placental mammals, but not yet in
human mitochondria.

Human mt-tRNAPro contains eight modified nucleotides
among its 71 residues, i.e. 11% of the nucleotides are modified.
This content of modified nucleotides is higher than usually found
in animal mt-tRNAs (6%). For comparison, the average level of
modification is 8–11% for eubacterial and non-animal mt-tRNAs
and 17% for animal cytosolic tRNAs (39,43,44). These eight
modified nucleotides include five pseudouridines (Ψ) and three
types of methylated residues (one each of m1A, m1G and m5U).

Pseudouridines are canonical modifications found in all
kingdoms and Ψ55, present in human mt-tRNAPro, is a highly
conserved nucleotide within tRNAs. The four other pseudouri-
dine residues found in human mt-tRNAPro (Ψ27, 28, 32 and 38)
are located at positions where U residues, when present, are often
pseudouridylated in other mt-tRNAs (44). Three of them (Ψ27,
28 and 38) are modified to only 10–30%. The reasons for this
hypomodification remain unknown, although it can be speculated
that they are due either to differential catalytic efficiencies of the
Ψ synthases for mt-tRNAPro or to the particular metabolic state
of the placenta after delivery. In agreement with this view is the
unusual deficiency of queuosine in human placental tRNA (45).

T54 (ribothymidine or m5U) is a modified nucleotide typical of
eubacterial, cytosolic, chloroplastic and non-animal mt-tRNAs
(44). However, up to now it has never been found in animal
mt-tRNAs (39) and human mt-tRNAPro is the first example of

such a tRNA having a T in its T loop. The absence of T in the
animal mt-tRNA compilation is probably explained by the fact
that few of them have a U in position 54 or, if this U is present,
they do not possess the recognition elements required by the
tRNA (m5U54)-methyltransferase. These elements were
investigated in E.coli and yeast and pointed to the particular
importance of a seven member T loop (46–48). The T stem and loop
of human mt-tRNAPro is formed by 15 nt, instead of 17 as in
canonical cloverleaves. These nucleotides can be arranged into a
classical 5 bp stem and a reduced 5 nt loop (Fig. 1a). In that case U54
would pair with A60. However, the presence of a T at position 54
strongly suggests that instead the loop is of normal size (7 nt) with
a stem shorter (4 bp) than usual in tRNAs (Fig. 1b). Furthermore,
this loop probably has the canonical T loop conformation, as
suggested by the presence of the conserved G53–C61 base pair and
the possibility of a T54–A58 Hoogsteen interaction. Indeed, in
canonical tRNAs where these elements are always present the
T54–A58 Hoogsteen base pair is stacked onto the T stem, thanks to
the peculiar hydrogen bonding pattern of phosphate 60, which
interacts with N3 of C61 and O2′ of A58 (49–51).

An m1A at position 9 is a hallmark of animal mt-tRNAs.
Indeed, m1A9 is absent in all other known tRNAs and when an
animal mt-tRNA gene carries an adenine at position 9 (which is
the case in ∼75% of them), sequencing the tRNA always reveals
the presence of m1A9 (39). The frequency of this modified
nucleotide suggests a unique function(s) in tRNAs from animal
mitochondria. It has been shown that this modification is of
particular structural importance in human mt-tRNALys (52).

Nucleotide G37 is totally converted into m1G37 in native
human mt-tRNAPro. This modified nucleotide seems important
for tRNAPro function since, with only one exception, it is present
in all proline-specific tRNAs sequenced so far (39). The
importance of methylation of nitrogen 1 of guanine at position 37
in tRNAs, already described in several cases (see below), as well
as the particular interest of nucleotide 36 in the context of
disease-related mutations in human mt-tRNA genes, prompted us
to further investigate methylation of tRNAPro.
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Recognition of human mt-tRNAPro transcripts by the E.coli
1MGT

tRNA m1G37 methyltransferases from both eubacteria and
eukaryotes are tools to probe the overall conformation of tRNAs.
Indeed, methylation experiments using enzymes from E.coli and
Xenopus and large sets of tRNA mutants have shown that these
enzymes are sensitive to the global architecture of the substrate
tRNA (19,20,53). Since the human mt-tRNAPro wild-type
transcript is efficiently methylated by E.coli 1MGT, it
presumably adopts a three-dimensional structure close to that of
a regular tRNA. A canonical three-dimensional conformation for
ProWT was, however, not obvious because some nucleotides
involved in tertiary interactions and conserved in canonical
tRNAs (reviewed in 54) are lacking in this tRNA. In particular,
the absence of G18, G19 and C56 and shortening of the T stem
make the T loop–D loop interaction elusive. The fact that
tRNAPro transcript harboring the nucleotide substitution
G36→A36 was extremely poorly methylated at position 37 by
the E.coli methylase in vitro and did not compete with the
wild-type molecule for the methylation reaction (Fig. 3) confirms
the requirement for two neighboring G residues to confer
methylation potential to the tRNA.

Human mitochondrial and prokaryotic enzymes

The 13 protein genes encoded by the human mitochondrial
genome are all components of the oxidative phosphorylation
system (1,55). Thus mt-tRNA modifying enzymes are encoded
in the nucleus and imported from the cytosol. However,
mitochondria are believed to have arisen from a prokaryotic
ancestor that was engulfed by the ancestral eukaryotic cell, a
theory known as the endosymbiotic hypothesis of the origin of
mitochondria. A corollary of the theory postulates that many of
the endosymbiont’s genes were transferred to the nucleus of the
host cell but their products are still addressed to mitochondria
(reviewed for example in 56). Accordingly, it seems possible that
human mt-tRNA modifying enzymes share similarities with their
eubacterial equivalents. In other words, post-transcriptional
modification of tRNAs in mitochondria may be governed by the
same rules as in prokaryotes. Thus the presence of G36 may be
required for methylation of G37 in human mitochondria and its
mutation to A36 may drastically impair m1G37 formation in vivo.
If so, the anticodon loop of the myopathy-related variant of
tRNAPro will differ not only by 1 but by 2 nt from its wild-type
counterpart: the sequence G36m1G37 will be replaced by the
sequence A36G37.

Biological perspectives

In the initial paper describing the relationship between the presence
of mutation C15990T in the tRNAPro gene and a myopathy (21)
Moraes and co-workers carefully discussed the theoretical
implications of this mutation which converts the proline anticodon
to a serine-specific anticodon. A likely effect is that the mutation
affects the aminoacylation properties of the tRNA and provokes
either non-charging or mischarging, in addition to more obvious
effects on mRNA decoding. Such effects, however, remain to be
demonstrated explicitly. Unfortunately, although we were able to
prepare human mitochondrial enzymatic extracts possessing a
number of active aminoacyl-tRNA synthetases, no activity for
prolylation has been detected so far (Brulé et al., in preparation).

Preliminary aminoacylation assays of ProWT in vitro synthesized
transcript with pure E.coli and human cytosolic prolyl-tRNA
synthetase were also unsuccessful (F.Yang and K.Musier-Forsyth,
personal communication). Thus information about the effect of
mutation at position 36 of human tRNAPro on the aminoacylation
properties of the tRNA still awaits experimental support. An
interesting way to answer the question would be a comparison of in
vivo aminoacylation properties of both wild-type and mutated
tRNAs, but this approach relies on the availability of cybrid cell lines
expressing 100% mutated mt-DNA.

Our present data suggest that in addition to the above-mentioned
effects, mutation C15990T would potentially lead to hypo-
methylation or no methylation at all of residue 37 in human
mt-tRNAPro. An additional effect, linked to the deficit in modified
bases, may contribute to expression of the disease. Indeed,
hypomodification may either enhance or alternatively attenuate the
severity of dysfunction of the tRNA. The large contribution of
anticodon nucleotides to the function of tRNAs (57,58), especially
to the aminoacylation properties of tRNAPro (59), suggests that
mutations in this domain of the tRNA have much stronger effects
than mutations elsewhere in the tRNA structure. Recessive
anticodon alterations may, however, be compatible with life when
heteroplasmic (presence in a given mitochondria of wild-type DNA
molecules in addition to mutated species) or when the functional
properties of the mutated tRNA are controlled by a combination of
molecular effects. Interestingly, particular roles have been ascribed
to m1G37 in both translational fidelity and tRNA identity. Thus
m1G37 in Salmonella typhimurium tRNAPro and, possibly, in other
kingdoms prevents frameshifting (16). As to tRNA identity, m1G37
was identified as a negative determinant hindering recognition of a
tRNA by a non-cognate aminoacyl-tRNA synthetase,whose absence
leads to misaminoacylation of the tRNA (13). Similar properties
may occur for the mutated tRNAPro, which might become
mischarged rather than non-charged. Considerations along these
lines suggest that the particular mutation C15990T in the tRNAPro

gene could be detected in patients because the dramatic effects on
prolylation, due to replacement of residue 36, may be compensated
for to some extent by new properties acquired by that tRNA in
response to the absence of methylation at position 37. This analysis
might also explain why no other mutations in the anticodon loop of
tRNAs correlated with a mitochondrial disease have been described
so far. Indeed, within the 32 different mutations reported (5,60) all
occur at nucleotide positions scattered over the different tRNA
domains except in the anticodon. Mutations at this strategic domain
might be so strong that they are lethal.

Our data emphasize that a mutation of one particular nucleotide
can have remote effects on other nucleotides (mutation of residue
36 affects modification of nt 37). Indirect effects of mutations on
maturation and function of tRNAs are of more general occurrence
and mutations are known to trigger long range effects. For
example, an insertion in the anticodon loop hinders modification
at position 13 in the D stem located ∼20 Å away (53) and
mutations in the anticodon loop of many tRNAs strongly impair
their aminoacylation at the other extremity of the molecule (see
for example 57). In the case of human mitochondrial diseases
related to mutations in tRNA genes such long range effects might
explain why most of the mutated positions in tRNAs are located
at apparently ‘insignificant’ positions, i.e. positions not involved
in structural or functional properties when referred to canonical
tRNAs (see for example 5,60). On the other hand, some mutations
may directly affect nucleotides that are normally modified,
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leading to direct effects on tRNA modification. Both indirect and
direct effects of mutations on tRNA modification can be
considered only if the primary structures of the natural molecules
are known. At present, among the 22 human mt-tRNAs only
tRNASer(AGY) and tRNAPro have been sequenced. Deeper
understanding of these tRNA-dependent diseases awaits further
sequencing of human mt-tRNAs.
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