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Some of the mitochondrial tRNAs of higher plants are nuclearly encoded and imported into mitochondria.
The import of tRNAs encoded in the nucleus has been shown to be essential for proper protein translation
within mitochondria of a variety of organisms. Here, we report the development of an in vitro assay for import
of nuclearly encoded tRNAs into plant mitochondria. This in vitro system utilizes isolated mitochondria from
Solanum tuberosum and synthetic tRNAs transcribed from cloned nuclear tRNA genes. Although incubation of
radioactively labeled in vitro-transcribed tRNAAla, tRNAPhe, and tRNAMet-e with isolated potato mitochondria
resulted in importation, as measured by nuclease protection, the amount of tRNA transcripts protected at
saturation was at least five times higher for tRNAAla than for the two other tRNAs. This difference in in vitro
saturation levels of import is consistent with the in vivo localization of these tRNAs, since cytosolic tRNAAla

is naturally imported into potato mitochondria whereas tRNAPhe and tRNAMet-e are not. Characterization of
in vitro tRNA import requirements indicates that mitochondrial tRNA import proceeds in the absence of any
added cytosolic protein fraction, involves at least one protein component on the surface of mitochondria, and
requires ATP-dependent step(s) and a membrane potential.

It is currently well established that mitochondrial tRNA
import is a process occurring in a number of evolutionary
distinct organisms, such as the yeast Saccharomyces cerevisiae,
protozoans, mammals, and plants (for reviews, see references
17 and 43). There are obvious differences between these or-
ganisms in the number and the identity of the imported
tRNAs. For example, yeast mitochondria import only a single
tRNA (35), as do marsupials (12), whereas kinetoplastid pro-
tozoan mitochondria import all of their tRNAs (20, 44). Other
organisms fall somewhere between these two extremes. Mito-
chondria of the primitive bryophyte Marchantia polymorpha
import only three tRNAs (3), there are at least nine nuclearly
encoded mitochondrial tRNAs in Acanthamoeba castellanii
(8), and higher plant mitochondria import one-third to one-
half of their tRNAs (19, 26). These differences in the specificity
and the number of imported tRNAs might reflect fundamental
differences in the mechanisms underlying tRNA import in the
various organisms.

While mitochondrial protein import has been studied in
great detail (5, 23, 24), little is known about the pathway(s) of
tRNA import into mitochondria. So far, most of the work
defining mitochondrial tRNA import mechanisms has been
performed either with S. cerevisiae or with protozoans. Using a
combination of in vitro and in vivo studies, different models
have been proposed to explain how such large, hydrophilic
polyanions can cross the hydrophobic environment of the two
mitochondrial membranes towards a negative compartment.

For S. cerevisiae, import of a single tRNALys (CUU) occurs

via the formation of a complex with the precursor form of the
mitochondrial lysyl-tRNA synthetase and requires an intact
preprotein import machinery. As a prerequisite to import, the
tRNALys (CUU) has to be aminoacylated by the cytosolic lysyl-
tRNA synthetase. This cotranslocation of tRNALys (CUU)
with a mitochondrial preprotein is ATP dependent and re-
quires a transmembrane electrochemical potential (17).

For trypanosomatids, Trypanosoma brucei and different
Leishmania species, tRNA import is an ATP-dependent pro-
cess and involves outer membrane-bound and protease-sensi-
tive receptors. In contrast to the situation for S. cerevisiae, none
of the in vitro assays with isolated T. brucei and Leishmania
mitochondria requires the addition of cytosolic factors. For
Leishmania, it has been shown that tRNAs are imported as
mature, fully processed molecules. The D domain appears to
be recognized by RNA-specific receptor(s), as shown in an in
vitro import study with Leishmania tropica tRNATyr (30). For
Leishmania tarentolae, an exchange of the D arms between
tRNAIle (naturally imported) and tRNAGln (mainly cytosol
localized) also demonstrated that this part of the tRNA con-
tains an import signal (29, 41). By contrast, Kapushoc et al.
showed that in the case of tRNATrp, the anticodon contains
import determinants (25). The situation for T. brucei remains
contradictory. On one hand, it has been reported that in vivo
import of heterologous tRNAs occurs independently of their
genomic context, thus suggesting that mature tRNAs are the
regular import substrates (21, 46). On the other hand, based on
the detection of such molecular forms in T. brucei mitochon-
dria and on in vitro import assays, it has been proposed that
precursor tRNAs having a 5� extension or dicistronic tRNA
transcripts are the preferred import substrates (28, 52). How-
ever, Aphasizhev et al. did not detect 5�-extended tRNA pre-
cursors in mitochondrial RNA fractions (4). These analyses
turned out to be complicated due to the presence of circular-
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ized mature tRNA molecules resulting from mitochondrial
RNA ligase activity (4, 28).

Little is known about the mechanism of tRNA translocation
across plant mitochondrial membranes. Up to now, in vivo
import of mutated tRNAs into the mitochondria of trans-
genic plants has been the main approach used to study the
import pathway. Using this approach, the implication of the
aminoacyl-tRNA synthetases (aaRSs) in the tRNA import pro-
cess has been suggested in the case of Arabidopsis thaliana
tRNAAla, because a mutated tRNA that is not aminoacylatable
by the alanyl-tRNA synthetase (AlaRS) is not imported into
plant mitochondria (11). However, for Solanum tuberosum,
there is a selective import of cytosolic tRNAGly(UCC) and
tRNAGly (CCC), whereas cytosolic tRNAGly(GCC) is not im-
ported (7). This indicates that if recognition of the different
tRNAGlys by the same glycyl-tRNA synthetase is necessary, it
is not sufficient to promote import. Although no common
“import signature” has been identified so far in the sequences
of imported tRNAs (40), these data suggest the existence of at
least one additional import factor and/or of structural features
shared by imported tRNA molecules.

In this paper, we describe a selective in vitro assay for import
of tRNAAla transcript into isolated mitochondria of S. tubero-
sum. We show that tRNAAla ATP-dependent internalization
does not require any added cytosolic fraction and includes at
least one protein component on the surface of mitochondria.

MATERIALS AND METHODS

Plant materials. Mitochondria were isolated from potato tubers (var. Bintje)
by differential centrifugations and purification on Percoll gradients as described
previously (18). By testing of the ability to reduce exogenously added cytochrome
c (14), the integrity of the outer membrane of these mitochondria was estimated
to be between 95 to 98%.

Cytosolic protein extract was prepared from etiolated bean (Phaseolus vul-
garis) hypocotyls according to reference 34.

In vitro transcription and labeling of synthetic RNAs. Plasmids containing
tRNA gene sequences directly fused to a T7 RNA polymerase promoter at the
5� terminus and including a BstNI site at the 3� terminus were used as substrates
to synthesize in vitro transcripts with T7 RNA polymerase under conditions
described previously (39, 45). To synthesize uniformly labeled in vitro transcripts,
the conditions were identical except for the presence of [�-32P]UTP.

The corresponding constructs containing A. thaliana cytosolic tRNAAla or
tRNAPhe gene sequences were obtained previously (9). The construct encoding
mature A. thaliana tRNAMet-e was amplified by PCR with the relevant primers so
that the intronless tRNA gene sequence was directly fused to the T7 RNA
polymerase promoter at the 5� end and to a BstNI site at the 3� end (39). Since
plant nuclear tRNAMet-e genes are interrupted by introns (2), we used a synthetic
oligonucleotide corresponding to the complete intronless A. thaliana tRNAMet-e

gene sequence as a substrate for PCR amplification with the two following
primers: 5�-ATGAATTCGAATTGTAATACGACTCACTATAGGGGTGGTG
GCGCAGTT-3� (T7 promoter sequence underlined, EcoRI site in italics) and
5�-CAGGATCCCTGGTGGGGTGAGAGAGGCTC-3� (BstNI site underlined
and BamHI site in italics). PCR amplification, cloning, and sequencing were
performed according to standard procedures.

Standard assay of in vitro tRNA import into isolated mitochondria. The in
vitro RNA import assays were performed in a 100-�l reaction volume containing
mitochondria corresponding to 400 �g of proteins, uniformly labeled in vitro-
transcribed tRNA (105 cpm/assay except when specified), 250 mM mannitol, 40
mM KCl, 1 mM dithiothreitol, 10 mM HEPES-KOH [pH 7.2], 1 mM K2HPO4,
2.5 mM MgCl2, 1 mM malate, 1 mM NADH, 2 �M ADP, and 5 mM ATP (except
when specified). The tRNA import assay mixtures were incubated at 25°C for 20
min unless otherwise stated. Where appropriate, proteinase K was then added to
a final concentration of 30 �g/ml, and digestion was carried out for 10 min at
room temperature. This step, by removing proteins on the mitochondrial surface,
eliminates tRNAs that may be nonspecifically associated with the mitochondrial
outer membranes. To terminate the digestion, 100 �l of buffer A (250 mM

mannitol, 10 mM KPO4 [pH 7.5], 0.1% [wt/vol] bovine serum albumin [BSA], 5
mM glycine) containing 2 mM phenylmethylsulfonyl fluoride was added, and the
mixture was centrifuged at 15,000 � g for 10 min. To digest tRNAs that were not
imported into the organelles, mitochondria were resuspended in 100 �l of buffer
A containing RNase A and RNase T1 to final concentrations of 100 �g/ml and
750 U/ml (unless otherwise stated), respectively. This RNase treatment was
carried out at room temperature for 10 min. One milliliter of stop buffer (250
mM mannitol, 10 mM KPO4 [pH 7.5], 5 mM EDTA, 5 mM EGTA, 0.1% [wt/vol]
BSA, 5 mM glycine) was added, and the mixture was centrifuged at 15,000 � g
for 10 min. This washing step was repeated twice. To isolate protected RNAs, the
mitochondrial pellets were resuspended in a solution containing 100 �l of 10 mM
Tris-HCl (pH 7.5), 10 mM MgCl2, and 1% (wt/vol) SDS and extracted with 100
�l of water-saturated phenol. The aqueous phase was submitted to ethanol
precipitation.

The radioactively labeled tRNA samples were separated by electrophoresis
through 7 M urea–15% polyacrylamide gels. After electrophoresis, the gels were
dried and either submitted to autoradiography or exposed to a Phosphorimager
plate, allowing quantification with a BAS 100 phosphorimager (Fujix) using the
MacBAS v2.2 software (Fuji Photo Film).

Mitoplast preparation. Mitoplast preparations were carried out according to a
modified version of the efficient protocol described by Heins et al. (22). Briefly,
the mitochondria were resuspended in a swelling buffer (5 mM KPO4 [pH 7.2])
(100 �l for 1 mg of proteins) and kept on ice for 10 min. The same volume of
swelling buffer was added, and after 5 min mitochondria were ruptured by
Dounce homogenization. Mitoplasts were separated from outer membranes and
unbroken mitochondria by centrifugation through a sucrose step gradient (47/
32/15% [wt/vol] sucrose in 2 mM EDTA, 10 mM KPO4 [pH 7.2], 0.2% [wt/vol]
BSA) at 4°C for 18 min at 175,000 � g in a Beckman TLA-100 rotor. Outer
membranes were present at the 15/32% interphase, whereas intact mitochondria
were pelleted. Intact mitoplasts, collected from the 32/47% interphase, were
diluted 10 times with washing buffer (300 mM mannitol, 10 mM KPO4 [pH 7.2],
1 mM EDTA, 0.1% [wt/vol] BSA) and pelleted by centrifugation at 135,000 � g
for 15 min.

Protease pretreatment of mitochondria. To remove proteins exposed on the
mitochondrial outer membrane, purified mitochondria (1 mg of proteins/assay)
resuspended in 100 �l of washing buffer (see above) were treated with different
amounts of trypsin (Promega) (4, 8 and 16 �g) for 10 min at 25°C. After
incubation, the action of the protease was stopped by the addition of 10 mg of
trypsin inhibitor/ml. Mitochondria were then washed twice with washing buffer in
the presence of the specific protease inhibitor.

Western blot analysis. Proteins were separated by SDS-polyacrylamide gel
electrophoresis, electrotransferred onto Immobilon-P membranes (Millipore,
Bedford, Mass.), and submitted to immunological detection following classical
protocols (42). Antisera were used at a 1/5,000 dilution. Antibodies against yeast
mitochondrial cytochrome c1 (CYT C1) (provided by G. Schatz, Basel, Switzer-
land), subunit 9 of wheat NADH dehydrogenase (27) (a gift from J. M. Grienen-
berger, Strasbourg, France), and tobacco superoxide dismutase (6) (obtained
from D. Inzé, Ghent, Belgium) were used as controls for mitochondrial inner
membrane and matrix protein fractions, respectively. Antibodies raised against
�-tubulin (Amersham Pharmacia Biotech) were used to evaluate the cytosolic
contamination of our mitochondria preparations.

Northern blot analysis. Transfer RNAs were extracted as described previously
(45) from the mitochondrial pellet or the supernatant obtained after centrifu-
gation at 9,000 � g for 10 min of a standard in vitro import assay. For Northern
analysis, tRNAs were fractionated by electrophoresis on 15% polyacrylamide
gels under denaturing conditions and transferred onto nylon membranes (Hy-
bond-N; Amersham Pharmacia Biotech) by electroblotting (15 min at 150 mA
and then 30 min at 500 mA) in 10 mM Tris-acetate (pH 8.0)–0.5 mM EDTA
buffer. Hybridization was carried out overnight in 6� SSC (1� SSC is 0.15 M
NaCl plus 0.015 M sodium citrate)–0.1% (wt/vol) SDS at a temperature 5°C
lower than the theoretical melting temperature of the duplex with the oligonu-
cleotide used as a probe. The oligonucleotide (5�-CCAATGCCTTAAGCCAC
TCAG-3�), specific for plant mitochondrial tRNASer(GCU), was 32P labeled with
T4 polynucleotide kinase according to classical procedures. After hybridization,
the membranes were washed at the hybridization temperature successively in 2�
SSC (twice for 10 min each wash) and in 2� SSC–0.1% (wt/vol) SDS (for 30
min). Radioactive hybridization was submitted to autoradiography or phosphor-
imager exposure.

Additional procedures. Concentrated valinomycin, oligomycin, carbonylcya-
nide m-chlorophenylhydrazone (CCCP), and carbonylcyanide p-trifluorometh-
oxyphenylhydrazone (FCCP) stock solutions were prepared in 100% ethanol.
KCN was dissolved in distilled water. Concentrated apyrase stock solution was
prepared in 10 mM Tris-HCl (pH 7.5). Concentrated stock solutions were such
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that 1 �l of these inhibitors was added, when specified, to 100 �l of import
mixture. These reagents were incubated with the mitochondria at 4°C for 10 min
prior to addition of labeled tRNA transcripts in the relevant import assays. Their
final concentration was 50 �M for valinomycin, oligomycin, CCCP, and FCCP,
0.5 mM for KCN, and 1 U/ml for apyrase. All these reagents were from Sigma.

RESULTS

ATP-dependent import of tRNAAla into isolated mitochon-
dria from S. tuberosum occurs without any added cytosolic
protein fraction. The mature tRNA substrate used for in vitro
import assays consisted of the 76-nucleotide cytosolic A. thali-
ana tRNAAla(UGC) with a fully processed 5� end and a CCA
at the 3� end (Fig. 1A). It was previously demonstrated that in
vivo this nuclearly encoded tRNAAla partitions between the
cytosol and the mitochondria in all higher plants investigated
so far (19, 26, 33). Percoll-purified potato mitochondria were
previously shown to be suitable for various experiments, such
as run-on transcription assays, in vitro tRNA processing assays,
or in vitro protein import experiments (15, 18, 32).

Incubation of labeled in vitro-transcribed tRNAAla with
highly purified potato mitochondria resulted in protection
from RNase A and RNase T1 digestion. RNase treatment (Fig.
1B) and pH conditions (Fig. 1C) were optimized. As shown on
Fig. 1B, addition of RNase A to a final concentration of 10
�g/ml was sufficient to digest all the unprotected tRNAAla

transcript. However, to be sure that nonimported tRNAs were
always efficiently removed, mitochondria were usually digested

with a mixture of RNase A at a final concentration of 150
�g/ml and RNase T1 at a concentration of 750 U/ml.

Efficient import of tRNAAla into isolated mitochondria re-
quires the presence of ATP, and the existence of a correlation
between the concentration of ATP and the amount of pro-
tected tRNAAla transcript is shown in Fig. 2A. It should be
noted that the concentration of externally added ATP (5 to 10
mM) for which efficient tRNA import occurs is higher than the
ATP concentration (about 1 mM) usually used for efficient in
vitro protein import. Similar data were obtained in the case of
tRNA import into isolated mitochondria from L. tarentolae
(41), where the amount of protected tRNA was far higher in
the presence of 5 to 10 mM ATP than in the presence of 1 mM
ATP.

Even in the absence of externally added ATP, a residual
amount of protected transcript was observed corresponding to
10 to 15% of the amount of protected tRNAAla in the presence
of ATP. Removal of transcript protection in the absence of
ATP could not be achieved by pretreating mitochondria with
apyrase (1 U/ml) prior to import (Fig. 3A). Since apyrase
hydrolyses endogenously produced ATP, it is unlikely that the
low level of protected transcript still detected in the absence of
exogenous ATP would be due to ATP leaking out of mito-
chondria. Similarly, pretreatment of mitochondria with atrac-
tyloside (400 �M), which blocks the adenine nucleotide trans-
locator and thus inhibits the export of ATP, had no effect on
transcript protection in the absence of added ATP (data not

FIG. 1. The mature tRNAAla is imported in vitro into potato mitochondria. (A) Cloverleaf structure of the mature A. thaliana cytosolic
tRNAAla used as a substrate for standard in vitro import assays. (B) Protection of labeled tRNAAla transcripts from RNase degradation. Standard
in vitro import assays of 100-�l volumes containing isolated mitochondria corresponding to 400 �g of proteins and 105 cpm of labeled tRNAAla

substrate were performed. Reactions were carried out in the presence of 5 mM ATP. After incubation, RNase A and RNase T1 were added to
various final concentrations ranging from 0 to 300 �g/ml and from 0 to 1,500 U/ml, respectively. (C) tRNA import is pH dependent. Standard in
vitro import assays of 100 �l containing isolated mitochondria corresponding to 400 �g of proteins and 105 cpm of labeled tRNAAla substrate.
Reactions were performed in the presence of 5 mM ATP but at different pHs obtained by adjusting the pH of the standard import mixture either
with HCl or with NaOH. After import, the pH of all samples was adjusted to 7.2 with HCl or NaOH before addition of RNase A and RNase T1
to final concentrations of 300 �g/ml and 750 U/ml, respectively. Quantification of the amount of protected RNAs was done using a phosphorimager.
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shown). This apparent ATP-independent tRNA incorporation
might be due to a loss of integrity of the mitochondrial mem-
branes during the import assay. However, the integrity of the
outer membrane of the mitochondria, estimated to be between
95 to 98% at the end of the purification step, does not drop
significantly during the import assays (data not shown). Fur-

thermore, as shown on Fig. 3B, neither the mitochondrially
encoded tRNASer(GCU) nor the soluble matrix superoxide
dismutase protein could be detected on Northern and Western
blots, respectively, of the supernatant obtained after centrifu-
gation of a standard in vitro import assay (after 30 min of
incubation). By contrast, they were both detected in the cor-
responding mitochondrial pellets analyzed before or after in-
cubation. Thus, it seems that protection found in the absence
of ATP is not due to engulfment of transcripts by leaky mito-
chondria during the import assay. Finally, 60 to 80% of this
residual amount of protected transcript was eliminated by a
mild posttreatment of mitochondria with proteinase K prior to
RNase digestion, so that the background detected in the ab-
sence of ATP became very low (Fig. 3C). These data strongly
suggest that most of the observed background might corre-
spond to nonspecific association of labeled tRNA transcripts
with the outer membrane rather than to import into the mito-
chondrial matrix.

Whereas the direct or indirect implication of the aaRS in the
in vivo mitochondrial tRNA import process has been suggested
in the case of A. thaliana tRNAAla (11), the experiments pre-
sented in Fig. 1B and C and 2A were performed in the absence
of any added cytosolic protein extract. Indeed, the addition of
a bean cytosolic enzymatic extract to the import reaction mix-
ture had no effect on the amount of protected tRNAAla tran-
script (Fig. 2B). Mitochondria purified from potato tubers on
Percoll gradients are, by contrast to those from A. thaliana,
usually virtually free of cytosolic, nuclear, or plastidic contam-
ination (15, 38). As shown on Fig. 2C, cross-contaminations
between cytosolic and mitochondrial fractions were checked by
Western blot analyses: in the mitochondrial fraction, the mito-
chondrial superoxide dismutase was strongly detected, whereas
no cytosolic �-tubulin was immunodetected. Furthermore, sys-
tematic N-terminal sequencing of the membrane proteins
from isolated potato tuber mitochondria allowed us to identi-
fy about 25 mitochondrial proteins, none of them correspond-
ing to a cytosolic contaminant (L. Delage and L. Maréchal-
Drouard, unpublished data). Although we cannot completely
exclude a low level of cytosolic contamination in our mitochon-
drial preparations, these results suggest that in vitro tRNA
import does not require cytosolic factors, but they do not rule
out the possibility that cytosolic factors play a role in vivo.

tRNAAla is imported into the matrix of mitochondria. Since
mitochondrial translation occurs in the matrix, the nuclearly
encoded tRNAs imported into mitochondria have to reach this
subcompartment. As shown on Fig. 4B and C (lane 2), about
75% of labeled tRNAAla transcript remains protected after
disruption of the outer membrane and purification of mito-
plasts on a sucrose gradient, compared to the amount of pro-
tected transcript in the absence of membrane disruption (Fig.
4B and C, lane 1). These results suggest that the externally
added labeled tRNAAla transcripts were internalized by the
mitochondria. Interestingly, when tRNAAla transcripts were
incubated in the presence of mitoplasts, the amounts of pro-
tected labeled transcripts were estimated to be about five times
higher than when the import assay was performed with mito-
chondria (Fig. 4B and C, lanes 3). It seems, therefore, that
once the outer membrane has been eliminated, it is easier for
a tRNA to penetrate into the matrix, or in other words, the
outer membrane constitutes a stronger barrier than the inner

FIG. 2. Mitochondrial incorporation of labeled tRNAAla tran-
scripts is ATP dependent and does not require a cytosolic protein
fraction. (A) Labeled in vitro-transcribed tRNAAla (105 cpm) was
incubated with isolated mitochondria in the presence of increasing
concentrations of ATP (0, 2, 5 and 10 mM). In, input RNA (7,500
cpm), no incubation with mitochondria. The import level of the labeled
tRNAAla transcripts was quantified using a phosphorimager. (B) Stan-
dard in vitro import assays were performed in the presence of 5 mM
ATP and in the absence (�) or presence (�) of a bean hypocotyl
cytosolic protein extract (PE). (C) Immunodetection of mitochondrial
superoxide dismutase (I) and �-tubulin (II) performed with total
(T) and mitochondrial (M) extracts from potato tubers.
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membrane for the internalization of RNA molecules. When
mitochondria were subjected to freeze-thaw cycles, broken or-
ganelles were obtained after centrifugation. Incubation of la-
beled tRNAAla transcript with this mitochondrial fraction un-
der import conditions did not lead to protection of this RNA
against RNase digestion (Fig. 4B and C, lanes 4), thus showing
that detection of labeled tRNAAla transcripts after treatment
with nucleases cannot be explained by a protection with mito-
chondrial membrane proteins but rather by its internalization
into mitochondria. Furthermore, in the absence of any mito-
chondrial fraction, this labeled transcript was completely di-
gested by RNases A and T1 (Fig. 4B and C, lanes 5). This
indicates that protection from RNase digestion was not due to
partial resistance of tRNAAla transcripts to these nucleases but
resulted from import into isolated mitochondria.

Import of tRNAAla requires a membrane potential and a
functional respiratory chain. Different treatments were used
to inhibit mitochondrial functions: (i) protonophores, CCCP,
or FCCP, which permits proton diffusion across the mitochon-
drial inner membrane and thus dissipates the proton motive
force (chemical gradient [�pH] and electrical gradient [��]);
(ii) a potassium ionophore, valinomycin, which dissipates the
membrane potential (��); (iii) respiratory chain uncouplers,
KCN, which inhibits electron transport from complex III to
complex IV, and oligomycin, which blocks the activity of the
F1F0-ATPase. The action of these different inhibitors on the
membrane potential or the respiratory functions is well estab-
lished (e.g., see reference 13). All of these different treatments
led to a significant loss of internalization of tRNAAla transcript
into isolated mitochondria (Fig. 5A). Note that such a decrease
in tRNA import was not due to the ethanol used to dissolve
most of these inhibitors, since the efficiencies of tRNA inter-
nalization were comparable between import assays containing

no ethanol and import assays containing 1% ethanol (data not
shown). As an average for three independent experiments, we
estimated an inhibition of about 70% (Fig. 5B). These results
indicate that tRNAAla import requires an intact mitochondrial
membrane electrochemical potential, as well as a functional
respiratory chain. However, a residual amount of protected
tRNA transcripts is still observed after pretreatment of mito-
chondria with any of these inhibitors (Fig. 5). This residual
amount of protected tRNA transcript is in the same range as
that observed in the absence of ATP when mitochondria were
not posttreated with proteinase K (Fig. 2C).

Dependence of the in vitro mitochondrial import of tRNAAla

on outer membrane receptor protein(s). In all systems studied
so far, in vitro mitochondrial import of tRNAs depends on
mitochondrial proteins associated with the outer membrane (1,
37, 47, 52). To determine whether a protein component on the
surface of potato mitochondria is required for tRNA import,
we treated isolated mitochondria with increasing amounts of
trypsin and tested them for their ability to import labeled
tRNAAla transcripts (Fig. 6A). Protease treatment of isolated
mitochondria resulted in a dramatic decrease of their ability to
import the RNA (Fig. 6B). To ensure that the pretreatment
with trypsin did not affect the integrity of mitochondria but
only degraded protease-sensitive outer membrane receptors,
Western analyses were performed. Proteins of protease-
treated mitochondria were probed with polyclonal antibodies
directed against a matrix protein, the mitochondrial superox-
ide dismutase (SOD), an intrinsic protein of the inner mem-
brane, the mitochondrial subunit 9 of NADH dehydrogenase
(NAD9), and an extrinsic mitochondrial protein of the inner
membrane largely exposed to the intermembrane space, cyto-
chrome c1. Whereas a number of proteins appeared to be
sensitive to trypsin digestion (this is particularly obvious for

FIG. 3. The apparent incorporation of tRNAAla in the absence of added ATP is not due to ATP leaking out of mitochondria or to a partial
loss of integrity of the mitochondrial membranes but rather to nonspecific protection at the mitochondrial surface. (A) Standard in vitro import
assays were performed in the presence of 5 mM ATP (lane 2) and in the presence of apyrase (1 U/ml) (lane 3). After incubation, mild proteinase
K digestion and RNase posttreatment were performed as for panel C. (B) Hybridization of a mitochondrial tRNASer-specific oligonucleotide probe
to a Northern blot of tRNAs (I) or immunodetection of mitochondrial superoxide dismutase on a Western blot (II). tRNAs and proteins were
extracted from the mitochondrial pellet (M) or from the supernatant (S) obtained after centrifugation at 9,000 � g for 10 min of a standard in vitro
import assay after 0, 15, and 30 min of incubation. (C) Standard in vitro import assays were performed in the absence (�) or in the presence (�)
of 5 mM ATP. After incubation, proteinase K was added to a final concentration of 30 �g/ml, and digestion was carried out for 10 min at room
temperature. One hundred microliters of buffer (250 mM mannitol, 10 mM KPO4 [pH 7.5], 0.1% [wt/vol] BSA, 5 mM glycine) containing 2 mM
phenylmethylsulfonyl fluoride was added, and the mixture was centrifuged at 15,000 � g for 10 min. RNase posttreatment was then performed as
described in Materials and Methods. In, input RNA (1,000 cpm), no incubation with mitochondria.
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high-molecular-weight proteins [Fig. 6C]), Western profiles
demonstrated that SOD, NAD9, and CYT C1 proteins were
fully resistant, even for a trypsin concentration as high as 16
�g/mg of mitochondrial proteins (Fig. 6D), showing that the
integrity of the mitochondria was not affected by trypsin treat-
ment. Altogether, the results indicate that at least one pro-
tease-sensitive outer membrane protein receptor is required
for mitochondrial tRNA import.

Time course of tRNAAla binding and import. Isolated potato
mitochondria were also tested for their ability to bind tRNAAla

transcripts. The binding test was performed under the same
conditions as for tRNA import except that the RNase diges-
tion step was omitted. The time course of binding of tRNAAla

transcripts to mitochondria and the time course of import were
analyzed in parallel. Under standard assay conditions, binding
of labeled tRNAAla transcripts to the outer membrane of mi-
tochondria increases constantly to reach a plateau at 30 min
(Fig. 7A). The estimated amount of complex formed after 30
min is about 15% of the input RNA present in the assay. The
rate of RNA import is rather high, since protected RNA can
already be detected after a few min of incubation and RNA
import reaches a maximum after 15 min (Fig. 7B). Since ATP

was not depleted in the binding experiment, the internalization
of tRNA transcripts was possible. As a consequence, for incu-
bation times shorter than 5 min, the amount of detected tran-
scripts reflects not only the binding step but also the inter-
nalization. For longer incubations, the amount of transcripts
recovered mainly reflects the binding step. This fact is also
illustrated in Fig. 1B, where after a 20-min incubation of a
standard import assay, the amount of imported tRNAs corre-
sponds to about 10% of the amount of tRNA transcripts de-
tected when the RNase treatment was omitted. In the experi-
ment presented in Fig. 7B, the maximum amount of tRNA
imported after 15 min was estimated to be about 20% of the
bound tRNA, but in most assays the ratio of imported tRNA/
bound tRNA was estimated to be between 0.1 and 0.15. Incu-
bation longer than 15 to 20 min resulted in a decrease in the
level of internalized RNA. A similar time frame was already
reported for tRNA import into isolated mitochondria of T. bru-
cei (52).

Specificity of tRNA import into isolated mitochondria. Two
other tRNA substrates were used in our in vitro import assays:
mature cytosolic tRNAPhe and tRNAMet-e (Fig. 8A). Previous
in vivo analyses have shown that these two nuclearly encoded
tRNAs remain in the cytosol and are not imported into potato
mitochondria (26). As in the case of tRNAAla, radioactively
labeled tRNAPhe and tRNAMet-e were prepared by in vitro
transcription using T7 RNA polymerase. When these three
labeled in vitro transcripts were incubated with isolated potato

FIG. 4. Labeled tRNAAla transcript is imported into the matrix of
isolated mitochondria. (A) Fractionation and import scheme. (B) La-
beled in vitro-transcribed tRNAAla (2 � 105 cpm) was incubated under
standard import conditions with intact mitochondria (1); with intact
mitochondria, but mitoplasts generated before RNase treatment (2);
with mitoplasts (3); with broken mitochondria (4); and without mito-
chondria (5). (C) The amounts of protected tRNAAla transcript were
quantified using a phosphorimager.

FIG. 5. Mitochondrial membrane potential and functional respira-
tion are essential for tRNAAla import. Protonophores (FCCP, lane 6;
CCCP, lane 7), an ionophore (valinomycin, lane 4), or specific inhib-
itors (KCN, lane 3; oligomycin, lane 5) were added to the standard
import mixture and incubated for 10 min before adding the labeled
tRNAAla transcripts (2 � 105 cpm). As controls, the labeled transcripts
were incubated with mitochondria under standard import conditions
without (lane 1) or with (lane 2) 5 mM ATP. (B) Histogram showing
the import level of the labeled tRNAAla transcript quantified using a
phosphorimager. The RNA import level in the presence of ATP and
without any inhibitor was taken as 100%.
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mitochondria under standard import conditions, RNase-
protected transcripts were observed in the three cases (Fig.
8B). However, whereas the amounts of tRNAAla transcript
protected from RNases increased continuously for increasing
RNA input concentrations, the amounts of tRNAPhe and
tRNAMet-e transcripts protected from RNases remained al-
most constant, even for high RNA input concentrations (Fig.
8C). We estimated that for an RNA input of 5 nM, about 2 to
3% of the input tRNAAla and about 0.5% of the input
tRNAPhe or tRNAMet-e were protected from RNases after
incubation with isolated mitochondria under these condi-
tions. This difference is consistent with the in vivo localiza-
tion of these tRNAs, where tRNAAla partitions between the
cytosol and mitochondria, whereas tRNAPhe and tRNAMet-e

are cytosolic in most species. Moreover, the ATP dependence
of this process is observed only in the case of tRNAAla (Fig.
8D), that is, for the in vivo imported tRNA. By contrast, the
efficient uptake of transcript into mitoplasts, compared to the
import level into intact mitochondria, obtained for tRNAAla

(Fig. 4B) was also observed for both tRNAPhe and tRNAMet-e

(Fig. 9A). For these last two transcripts, the level of internal-

ization into mitoplasts was in the same range as for tRNAAla,
thus suggesting that in vitro, the passage through the inner
membrane does not constitute a strong and selective barrier.

Quantitative analysis of tRNA binding. Quantitative binding
experiments performed at different tRNAAla transcript con-
centrations showed that binding of tRNAAla transcript was
concentration dependent (Fig. 9B). Binding increased almost
linearly and then reached a maximum for a tRNAAla transcript
concentration of 4.5 to 5 nM that might correspond to a sat-
uration of the receptor molecules on the surface of mito-
chondria. Similar binding experiments were performed with
tRNAPhe and tRNAMet-e transcripts. As shown in Fig. 9B,
the binding capacity of tRNAMet-e or tRNAPhe on the mito-
chondrial surface is essentially identical to that estimated
for tRNAAla, thus suggesting that the specificity of import seen
in vitro (Fig. 8) very likely is not due to a specific binding of
the naturally imported tRNAAla versus the cytosol-localized
tRNAPhe and tRNAMet-e on the mitochondrial outer mem-
brane.

Unlabeled tRNAPhe and tRNAMet-e are efficient competitors
for tRNAAla binding but weak competitors for tRNAAla import.

FIG. 6. In vitro mitochondrial import of tRNAAla transcripts is
dependent on surface-accessible proteins. (A) To remove proteins
exposed on the outer membrane, isolated mitochondria were treated
with increasing concentrations of trypsin (0, 4, 8, and 16 �g of mito-
chondrial proteins/mg). Labeled in vitro-transcribed tRNAAla (2 � 105

cpm) was then incubated with these different mitochondrial samples
under standard import conditions, and protected RNAs were analyzed.
(B) The extent of nuclease protection obtained in panel A was quan-
tified using a phosphorimager. (C) Coomassie-blue-stained protein
profiles of potato mitochondria treated with increasing concentrations
of trypsin as shown in panel A. (D) Corresponding Western blots
probed with antibodies directed against CYT C1, NAD9, and SOD.

FIG. 7. Time course of binding or import of tRNAAla transcripts.
(A) Kinetics of binding of labeled tRNAAla (105 cpm) onto isolated
mitochondria and graphical representation of the results. To test for
binding, tRNAAla transcripts were incubated with isolated mitochon-
dria under the same conditions as for tRNA import except that the
RNase digestion step was omitted. (B) Kinetics of import of labeled
tRNAAla (105 cpm) into isolated mitochondria and graphical repre-
sentation of the results. Note that between panels A and B, exposure
times of the autoradiography were very different (about 10 times
longer exposure for import than for binding). For graphical represen-
tation of the results, the amounts of bound (squares) or protected
(circles) RNAs were quantified using a phosphorimager.
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In view of the results presented above, competition experi-
ments between the naturally imported tRNAAla and the non-
imported tRNAPhe or tRNAMet-e were performed both at the
level of binding and at the level of import. Binding of labeled
tRNAAla transcript on the mitochondrial surface was almost
completely competed out when a 100-fold molar excess of
unlabeled tRNAAla transcript was added to the assay (Fig. 9C,
line 3). Furthermore, the unlabeled tRNAPhe or tRNAMet-e

transcripts were competing as efficiently as the tRNAAla tran-
script for binding of labeled tRNAAla (Fig. 9C, lines 4 to 7).
These results are in good agreement with those of the binding
experiment presented in Fig. 9B, where the behavior of the

imported tRNAAla was roughly the same as the behavior of the
two nonimported tRNAs. Altogether, these data suggest that
the selectivity of tRNA import in our in vitro system is not the
result of an interaction with receptors specific to the naturally
imported tRNAs versus the cytosol-specific ones. However,
quite interestingly, an oligodeoxyribonucleotide corresponding
to the complete sequence of the cytosolic tRNAMet-e or pBlue-
script vector digested with AluI appeared to be a very poor
competitor for tRNA binding. As shown in Fig. 9E, these
single- or double-stranded DNA molecules were unable to
inhibit more than 25% of tRNAAla binding to mitochondria
when used in a 100-fold molar excess, thus demonstrating that

FIG. 8. RNase protection of in vitro-transcribed tRNAAla, tRNAPhe, and tRNAMet incubated with isolated mitochondria. (A) Cloverleaf
structures of the mature A. thaliana cytosolic tRNAPhe and tRNAMet-e used as substrates for standard in vitro import assays. (B) Increasing
concentrations of labeled tRNAAla, tRNAPhe, and tRNAMet-e were incubated with isolated mitochondria in standard import assays. (C) The
amounts of protected RNAs (circles, tRNAAla; squares, tRNAPhe; triangles, tRNAMet-e) were quantified using a phosphorimager, and the graph
presented here is the result of three independent experiments. (D) Incubation of 3 nM concentrations of labeled in vitro-transcribed tRNAAla

(Ala), tRNAPhe (Phe), and tRNAMet-e (Met) with isolated mitochondria in the absence (�) or in the presence (�) of 5 mM ATP under standard
import conditions.
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the binding of tRNAs on the outer mitochondrial membrane is
RNA specific.

When competition experiments where performed in import
assays (Fig. 9D), the amount of labeled RNAAla protected
against RNases was decreased by about 85% (as an average of
three experiments) when a 100-fold molar excess of unlabeled
tRNAAla transcript over the labeled input tRNA was added to
the assay. By contrast, the tRNAPhe and tRNAMet-e unlabeled
transcripts did not efficiently compete out the internalization
of the labeled tRNAAla (Fig. 9D, lines 4 and 5). As an average
of three experiments, only 50 and 30% of tRNAAla import
inhibition were obtained when tRNAPhe and tRNAMet-e were
used as competitors, respectively. These results strongly sug-
gest that the outer membrane and/or the inter membrane
space might function as a selective barrier to exclude non-
naturally imported tRNAs. However, we cannot exclude that in
vivo, cytosolic factors might act in synergy to enhance the
specificity of the process.

DISCUSSION

In this paper, we report for the first time the establishment
of an in vitro assay for the import of nuclearly encoded tRNAs
into isolated plant mitochondria. The potato mitochondria
used in this system were previously shown to be fully intact
and functional, in particular for protein import (15, 18, 32,
38). Incubation of such isolated mitochondria with labeled
tRNAAla led to protection of imported tRNA transcripts from
added RNase A and RNase T1. We have shown that this pro-
tection is ATP dependent and requires a membrane potential.
The use of mitoplasts, obtained by hypotonic disruption of the
outer membrane and purification on discontinuous sucrose
gradient, demonstrated that the protected tRNA molecules
were mostly found in the matrix, where mitochondrial transla-
tion occurs. These data demonstrate that the RNA molecules
were able to cross the double mitochondrial membrane, thus
reflecting the in vivo situation. In addition, this in vitro RNA
import does not require soluble cytosolic protein factors and is
dependent upon at least one proteinaceous factor on the sur-
face of mitochondria.

Treatment of isolated mitochondria with increasing amounts

of trypsin resulted in a loss of their ability to import the labeled
tRNAAla transcripts. The same results were obtained with pro-
teinase K-treated mitochondria (data not shown). These data
show that tRNA import into plant mitochondria depends on
surface-accessible membrane protein(s). Similar results were
also observed for S. cerevisiae, L. tropica, L. tarentolae, and T.
brucei (for a review, see reference 17), suggesting that the
requirement of protease-sensitive outer membrane receptor(s)
is quite essential for tRNA import whatever the organism
considered.

Another interesting feature of the tRNA import system that
we have developed is its requirement for ATP. In this respect,
it resembles all the in vitro tRNA import systems described so
far for S. cerevisiae and for trypanosomatids (for a review, see
reference 17). However, as for tRNA import into L. tarentolae
mitochondria (41), the ATP concentration required for an
efficient translocation of RNAs (5 to 10 mM) is higher than the
ATP concentration (usually 1 mM) used for efficient in vitro
protein import. For plants, for instance, it has been reported
that an ATP concentration of 0.05 mM is sufficient for protein
translocation into mitochondria (10). These contrasting results
might reflect fundamental differences between tRNA and pro-
tein import pathways, but we cannot exclude that the in vitro
system is not optimized and requires more ATP than necessary
in vivo. We clearly demonstrated the ATP dependence of the
in vitro import system, but further experiments will be neces-
sary to define the individual step(s) requiring ATP for tRNA
internalization. For instance, several receptors and/or channels
could be involved in an ATP-dependent manner, as already
suggested for the L. tropica in vitro import system (36), and
elucidation of the energy requirement for tRNA translocation
through the outer and inner mitochondrial membranes in
plants will necessitate further studies with mitochondrial sub-
fractions.

The requirement for an electrochemical membrane poten-
tial has been shown with an ionophore (valinomycin) or pro-
tonophores (FCCP and CCCP). Such a requirement has also
been observed by several laboratories for plant mitochondrial
protein import (50), as well as for yeast tRNA import (47). In
trypanosomatids, the results are quite contradictory. Depend-
ing on the trypanosomatid considered and the method used to

FIG. 9. Analysis of tRNAAla, tRNAPhe, and tRNAMet-e binding to mitochondria or import into mitochondria. (A) Labeled in vitro-transcribed
tRNAAla, tRNAPhe, and tRNAMet (2 � 105 cpm each) were incubated under standard import conditions with intact mitochondria (M) or with
mitoplasts (Mp). In, input RNAs (5,000 cpm). (B) Bound tRNAAla, tRNAPhe, and tRNAMet-e as a function of tRNAAla, tRNAPhe, and tRNAMet-e

concentration, respectively. Increasing concentrations of labeled tRNA transcripts (from 1 to 5 nM) were incubated with isolated mitochondria
(corresponding to 100 �g of proteins). Incubation was performed for 10 min under the same conditions as for tRNA import, except that the RNase
digestion step was omitted. (C) Competition experiments of tRNAAla binding onto isolated mitochondria using unlabeled tRNAAla, tRNAPhe, or
tRNAMet-e as competitors. For these experiments, isolated mitochondria (corresponding to 100 �g of proteins) were preincubated, for 10 min on
ice, in the absence of competitor (�) or in the presence of a 10-fold or a 100-fold excess of competitor. Labeled tRNAAla (105 cpm) was then added,
and incubation was prolonged for 10 min under the same conditions as for tRNA import, except that the RNase digestion step was omitted. (D)
Competition experiments of mitochondrial tRNAAla import into isolated mitochondria using unlabeled tRNAAla, tRNAPhe, or tRNAMet-e as
competitor. For these experiments, isolated mitochondria (corresponding to 400 �g of proteins) were preincubated, for 10 min on ice, in the
absence of competitor (�) or in the presence of a 100-fold excess of competitor. Then, 2 � 105 cpm of labeled tRNAAla was added, and incubation
was prolonged for 15 min under the same conditions as for tRNA import. The experiments were performed in the absence (�) or in the presence
(�) of 5 mM ATP. After incubation, a proteinase K treatment was performed as described in Materials and Methods prior to digestion with
RNases. (E) Competition experiments of tRNAAla binding to isolated mitochondria using an unlabeled oligodeoxyribonucleotide (Oligo)
corresponding to the complete sequence of the cytosol-specific tRNAMet-e (Fig. 8A) or AluI-digested pBluescript vector (pKS) as competitors. The
competition experiments were conducted essentially as described for panel C. For graphical representation of the results in panels B, C, and D,
the amounts of bound or protected RNAs were quantified using a phosphorimager. Bars represent standard deviations from two and three
independent experiments for panels C and D, respectively, and mean values were used to plot the graph.
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purify the mitochondria, an electrochemical membrane poten-
tial is or is not required (for a review, see reference 17). It is
also quite clear that in potato, the presence of oligomycin,
which inhibits the phosphorylation of ADP into ATP, or KCN,
which blocks the electron transport, strongly reduces tRNA
import, again demonstrating the importance of mitochondrial
activity. Since oligomycin is an inhibitor of ATP synthesis on
the matrix side of mitochondria, the strong reduction of tRNA
import seen in the presence of this phosphorylation uncoupler
could also be explained by the requirement of ATP inside
mitochondria.

Binding of tRNAAla onto the surface of mitochondria is a
rapid and efficient process occurring within a few minutes after
coincubation of the labeled transcript with isolated mitochon-
dria. This rapid binding is followed by a fast internalization of
the transcripts into mitochondria: most of the protected RNA
is detected within 5 min of incubation of tRNAAla transcripts
with isolated mitochondria. A rapid import of the tandemly
linked tRNAThr and tRNALeu into T. brucei isolated mitochon-
dria (52), of mature tRNAIle or tRNAGln into isolated L.
tarentolae mitochondria (41), or of tRNALys (CUU) into S.
cerevisiae mitochondria (49; I. Tarassov, personal communica-
tion) has also been reported. In all of these cases, the maxi-
mum level of nuclease protection is reached within 10 to 15
min of incubation with isolated mitochondria. So far the only
exception to this time course has been described for the import
of synthetic antisense transcripts (from the 5�-upstream region
of the 	-tubulin gene) into L. tropica mitochondria, which
requires a lag of 30 min before detection of nuclease-protected
transcripts (31). The latter result might be explained by differ-
ences in the protocols used to isolate mitochondria as already
suggested (52), but we cannot exclude that it might reflect
important differences in the import pathways.

Interestingly, the time course observed here for import of
tRNA into potato mitochondria is much shorter than the time
course reported for protein import into plant mitochondria
(plant mitochondrial protein import seems to be linear up to
30 min [E. Glaser and J. Whelan, personal communication]).
Such differences in the time course of import between tRNAs
and proteins might reflect the use of different channels to
direct these two types of macromolecules into plant mitochon-
dria. Another explanation could be that the same channel is
used (i.e., the protein import channel), but tRNAs are not
engaged in this import system in the same way and their trans-
port is facilitated compared to protein import, at least in vitro.
However, considering tRNAs as large, hydrophilic and nega-
tively charged macromolecules, they are unlikely to be good
substrates for protein transporters through mitochondrial
membranes.

Results presented in this paper show the preference for the
cytosolic tRNAAla (localized both in the cytosol and in the
mitochondria in vivo) as an import substrate over cytosolic
tRNAPhe or tRNAMet-e substrates (localized in the cytosol in
vivo in most species), thus reflecting the selectivity of our in
vitro import assay. The specificity seen when studying tRNA
internalization is not transposable to the binding experiments,
where the three tRNA substrates behave similarly. The latter
result is strengthened by the fact that both tRNAPhe and
tRNAMet-e transcripts are able to compete out labeled
tRNAAla transcript for binding as efficiently as does unlabeled

tRNAAla. Interestingly, however, the interactions between
tRNAs and outer membrane receptors seem to involve specific
RNA-binding proteins that are not able to efficiently bind
DNA. By contrast, in import studies, only the unlabeled
tRNAAla transcript was able to almost fully compete out the
internalization of the labeled tRNAAla. Taken together, these
data strongly suggest, first, that the binding of the tRNAs on
receptor(s) present at the surface of the outer membrane is not
responsible for the specificity occurring in vivo, and second,
that the passage through the outer membrane is at least par-
tially responsible for this selectivity. Furthermore, when mito-
plasts were used in the import assays, the uptake of tRNA
transcripts was far more efficient, whatever the substrate (nat-
urally imported or not), suggesting that in plants, the inner
membrane constitutes neither a strong nor a specific barrier
for tRNA internalization into the mitochondrial matrix.

For S. cerevisiae, only one mature nuclearly encoded
tRNALys is imported into mitochondria. For trypanosomatids,
a wide variety of mitochondrial import substrates has been
successfully used (e.g., mature tRNAs, cotranscribed tRNAs,
and various heterologous RNA substrates), and the functional
significance of these data remains to be clarified. In higher
plants, imported tRNAs represent one-third to one-half of the
tRNA population (19, 26). Here, we show that at least mature
tRNAs can be imported into plant mitochondria, but this does
not exclude the possibility that other substrates could be used.
It will be necessary in the future to study the extent of this
specificity using other naturally imported or nonimported
tRNAs, as well as heterologous RNAs, as substrates. We can
then expect that further experiments will help in elucidating
the sequence and/or structural features characteristic for the
imported tRNAs. The characterization of the mitochondrial
proteins responsible on the one hand for the binding of tRNAs
on the surface of mitochondria and on the other hand for the
selectivity of the translocation through the outer membrane
will now be crucial for further understanding of this specific
import process.

It should be noted that a low level of incorporation was
observed in the case of tRNAPhe and tRNAMet-e, but in con-
trast to tRNAAla import, this residual nuclease protection
seems to be independent of the presence of ATP and of the
membrane potential (data not shown). In the case of tRNAAla,
a background incorporation was also observed in the absence
of ATP or when mitochondria were treated with agents dissi-
pating the electrochemical membrane potential. This residual
amount of protected tRNA transcripts, which could be effi-
ciently removed by a mild proteinase K treatment of mitochon-
dria prior to RNase digestion, is thus due mostly to nonspecific
association of labeled tRNA transcripts with the outer mem-
brane.

Quite surprisingly, it seems that our in vitro system does not
require addition of a cytosolic protein extract. Previous data
have shown that the enzymatic extract used in these experi-
ments is able (i) to correctly aminoacylate plant cytosolic
tRNAAla transcript (9) and (ii) to efficiently replace the yeast
cytosolic S-100 supernatant required for import of tRNALys

into isolated S. cerevisiae mitochondria (I. Tarassov, N. Entelis,
A. Dietrich, and L. Maréchal-Drouard, unpublished data), sug-
gesting that mature and precursor forms of mitochondrial
aaRSs are present in our protein fraction. Furthermore, the
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conditions we used for in vitro tRNA import are very similar to
those described for in vitro protein import into isolated potato
mitochondria (51), and as a matter of fact, in vitro protein
import was efficient under these tRNA import conditions (data
not shown), in case coimport would have to occur. It should
also be noted that preaminoacylation of tRNAAla did not im-
prove its import efficiency in our in vitro system (data not
shown), whereas aminoacylation is an essential requirement
for import of tRNALys into S. cerevisiae mitochondria (48).
These results appear somehow in contradiction with the in vivo
situation, since previous work has shown that the aaRSs prob-
ably play an important role in the tRNA import process. In
particular, a striking correlation between alanylation and
tRNAAla import has been previously reported with transgenic
tobacco plants (11). Similarly, we obtained recent evidence
that when aminoacylation of normally imported cytosolic
tRNAVal is switched from valine to methionine (cytosolic
tRNAMets are not imported into plant mitochondria), its im-
port into mitochondria of transgenic plants is completely abol-
ished (10a).

Several hypotheses can be proposed to explain these dis-
crepancies between the in vitro and in vivo situations. AaRSs
might play an important role in determining the specificity of
the tRNA import process, but not by participating directly in
the translocation of the tRNA through the double mitochon-
drial membranes. Specificity could be given by the aminoacy-
lation of the tRNAs (hence the necessity for the aaRS), but the
in vitro data presented above argue against this hypothesis.
Also, it does not explain the selective import of only some
tRNAGly isoacceptors observed in potato and bean mitochon-
dria (7). AaRSs might be involved in carrying the imported
tRNAs to the surface of the outer membrane of mitochondria,
and/or they might be used to stabilize tRNAs once they have
entered mitochondria. If one of these two hypotheses is cor-
rect, external addition of these enzymes would not be neces-
sary for import of mitochondrial tRNA in vitro, and the trans-
port of tRNAs through the mitochondrial membranes could
use a specific but still unknown RNA import channel, rather
than the protein import channel.

The in vitro tRNA import system developed here for potato
mitochondria was shown to be dependent on ATP, outer mem-
brane protein receptor(s), and a membrane potential, which
are requirements similar to those of protein import. Further-
more, the translocation step through the outer membrane
seems to play an important role for the specificity of the pro-
cess. It will be essential now to address the following question:
do tRNAs use the protein import machinery to cross the dou-
ble mitochondrial membrane? The use of antibodies directed
against components of the protein import pathway, or the use
of covalent conjugates (16) in combination with in vitro tRNA
import, will help to solve this problem.
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mutase can reduce cellular damage mediated by oxygen radicals in trans-
genic plants. Proc. Natl. Acad. Sci. USA 10:1723–1732.
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