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Import of tRNA into the mitochondrial matrix of Trypanosoma brucei was reconstituted in vitro.
Efficient import required the hydrolysis of externally added ATP and was shown to be a
carrier-mediated process depending on proteinaceous receptors on the surface of mitochondria. A
partly synthetic tRNA™™ as well as a physiological tRNA™* were imported along the same
pathway. Contrary to import of all matrix-localized proteins, tRNA import does not require a
membrane potential. Furthermore, addition of an excess of import-competent tRNA had no effect
on import of a mitochondrial matrix protein. In summary, these results show that tRNAs and
proteins in T. brucei are imported by fundamentally different mechanisms.

INTRODUCTION

Mitochondria contain their own genome and are able to
transcribe and translate the genes encoded on their DNA.
There are, however, only a limited number of proteins (12 in
yeast) encoded and synthesized in that compartment, indi-
cating that the majority of organellar proteins are imported
from the cytosol (Attardi and Schatz, 1988). In contrast to
proteins, mitochondria generally encode all the structural
RNAs (e.g., rRNA and tRNAs) that are needed for organel-
lar translation. However, there is an increasing number of
evolutionary divergent organisms whose mitochondrial ge-
nome does not contain a full set of tRNA genes and which,
therefore, have to import nuclear encoded tRNAs (Schnei-
der, 1994). In most of these cases only a small amount of a
given tRNA is targeted to mitochondria, whereas the re-
maining nonimported fraction is being used in cytosolic
translation.

Saccharomyces cerevisiae is the system in which most is
known about tRNA import. It is a highly specific process,
since only one of two cytosolic tRNAM® isoacceptors is
targeted to mitochondria (Martin et al., 1979). Using an in
vitro import system, it was shown that import of the tRNA
required the presence of the precursor of mitochondrial
lysyl-tRNA synthetase as well as the membrane potential. In
addition, import of the tRNA™* was abolished in mutants
deficient in the protein-import pathway (Tarassov et al.,
1995; Tarassov and Martin, 1996). In summary, these data
strongly suggest that the tRNA is cotransported as a com-
plex with the mitochondrial precursor of lysyl-tRNA syn-
thetase across the protein-import channel (Tarassov and
Martin, 1996).
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Less is known about tRNA import in plants as no in vitro
import system is yet available. Plants import a subset of their
mitochondrial tRNAs (Dietrich et al., 1992). In vivo data
have shown that in potato a single-point mutation within the
acceptor stem of the imported tRNAA!? concomitantly abol-
ishes import as well as charging, providing indirect evi-
dence that in plants, aminoacyl-tRNA synthetases might
also be involved in import (Dietrich ef al., 1996).

Recently, much work on mitochondrial tRNA import has
been focused on trypanosomatids such as Trypanosoma brucei
and Leishmania. Indeed, these parasitic protozoa are excel-
lent systems in which to study the process. In contrast to
yeast and plants, the whole set of mitochondrial tRNAs
needs to be imported as no tRNA genes have been found in
the mitochondrial genome. The majority of tRNAs from
trypanosomatids have a dual location in the cytosol and the
mitochondrion, resulting in almost identical sets of tRNAs in
the two compartments (Simpson et al., 1989; Hancock and
Hajduk, 1990; Mottram et al., 1991). Few compartment-spe-
cific tRNAs, however, do exist; one of which, a cytosol-
specific tRNAS!™, has been cloned in Leishmania tarentolae
(Lye et al., 1993). It has been shown in an in vivo study that
replacing the D-loop of this cytosolic tRNAS™ by one of the
imported tRNAU® leads to import of the resulting mutant
tRNA, indicating that the D-loop region contributes to the
import signal (Lima and Simpson, 1996). A similar conclu-
sion was reached in an in vitro analysis using sequences
derived from the tRNA™™ of Leishmania tropica (Mahapatra
et al., 1998). When cytosolic and mitochondrial isotypes of
tRNAs in T. brucei were compared, high molecular forms of
mitochondrial tRNAs mainly caused by 5’-extensions were
detected. The exact sequence of these extensions is un-
known, but they can be processed in vitro by RNase P from
Escherichia coli, suggesting that tRNAs carrying 5'-extensions
are the physiological import substrates (Hancock et al.,
1992). However, in an in vivo study it was shown that
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tRNAs can be imported into mitochondria of T. brucei even
if they are expressed in heterologous genomic contexts. Nev-
ertheless, in this case 5'-extended forms have also been
detected, demonstrating that variable 5'-sequences, even of
nontrypanosomal origin, may be able to direct import
(Hauser and Schneider, 1995).

Not much is known about the actual mechanism of tRNA
import in trypanosomatids. Indirect data suggest that, at
least for the imported tRNAC™ in L. tarentolae, the corre-
sponding mitochondrial glutaminyl-tRNA synthetase is not
involved in import (Nabholz et al., 1997). Furthermore, in a
pioneering study, ATP-driven cytosol-independent import
of tRNA-like substrates into isolated mitochondria of L.
tropica has been shown (Mahapatra et al., 1994; Mahapatra
and Adhya, 1996). However, in that study no comparative
analysis of tRNA and protein import was performed. Here
we have developed in vitro import systems derived from T.
brucei for both groups of macromolecules to asses the rela-
tion between tRNA and protein import.

MATERIALS AND METHODS

Cells

Procyclic T. brucei, stock 427, were grown at 27°C in SDM-79 me-
dium supplemented with 5% fetal bovine serum. Cells were har-
vested at late-log phase corresponding to 2.5 X 107 to 3.5 X 107
cells/ml. Cells were washed once in cold 20 mM sodium phosphate
buffer (pH 7.9) containing 150 mM NaCl and 20 mM glucose.

Isolation of Mitochondria

Mitochondria were isolated as described by Hauser et al. (1996)
except that a low-speed spin (300 X g) was routinely performed
before loading of the Nycodenz gradients. This step removed all the
remaining intact cells, resulting in a highly purified mitochondrial
fraction. Routinely, cells from 5 I of cultures were being used and
yielded 50-100 mg of mitochondria. Mitochondria were resus-
pended at very high concentrations (30-50 mg/ml) in SoTE (0.6 M
sorbitol, 20 mM Tris-HCl, pH 7.5, 1 mM EDTA, 4 mM DTT) con-
taining 10 mg/ml fatty acid-free BSA and frozen in aliquots in
liquid N,. The samples were kept at —70°C and retained tRNA and
protein import capacity for at least 2 months.

In Vitro Import Assays for tRNA and Proteins

tRNA import was performed in 20 mM Tris-HCl, pH 7.2, 15 mM
KH,PO,, 0.6 M sorbitol, 5 mM succinate, 0.1 mM of each of the
biological amino acids, 20 mM MgSO, 5 mM NADH,, 5 mg/ml
fatty acid-free BSA. A standard import reaction was performed in 50
ul volume and contained 200 ug of mitochondria and 0.2 pmol of in
vitro transcribed substrate tRNA. In most cases the 5'-syntRNATY*
(Figure 1A) was used as substrate. Where indicated, 4 mM of ATP
(pH 7.0) was added. Import was done for 60 min at 25°C. Nonim-
ported tRNAs were digested for 10 min at 25°C by the addition of
5 ng of RNase A (Pharmacia LKB, Uppsala, Sweden) and 100 U of
RNase T; (Boehringer Mannheim, Mannheim, Germany). A small
amount of nonimported tRNA was protected from RNase attack.
Therefore, the sample was further treated for 10 min on ice with 5
ug of proteinase K. Finally, mitochondria were reisolated by cen-
trifugation for 3 min at 5200 X g, and RNA was extracted from the
resulting pellets (Chomczyinski and Sacchi, 1987) and analyzed on
8 M urea/10% polyacrylamide gels. Protein import was done as
described by Hauser et al. (1996). Due to the optimization of the
purification method for mitochondria, much higher import efficien-
cies were reached than previously published.
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Preparation of Substrate tRNAs

The substrate tRNAs for in vitro import were prepared by in vitro
transcription using T7 polymerase and o*?P-GTP using standard
procedures. For chemical amounts of substrates, which were used in
the competition experiments in Figure 3, trace amounts of a**P-GTP
were added to allow the determination of the exact chemical con-
centrations. Double-stranded DNA templates for T7 transcription
were obtained by PCR using a 5'-oligonucleotide having a T7 pro-
moter sequence and the corresponding 3'-oligonucleotides.

Submitochondrial Fractionation by Digitonin
Extraction

For the digitonin extraction an upscaled standard import reaction in
a total volume of 1 ml using 4 mg of mitochondria and 4 pmol of
labeled 5'-syntRNA™* was performed. The reaction was digested
with 100 ug of RNase A. The RNase T, and the proteinase K steps
were omitted. The reaction was divided into nine aliquots of 100 ul
each. Mitochondria were reisolated and resuspended in 30 ul of
SoTE containing 120 U of RNasin (Promega, Madison, WI). This
amount of RNasin was sufficient to completely inhibit the residual
RNase A activity (data not shown). Finally, after the addition of 30
ul of SOoTE containing twice the final concentration of digitonin
(Fluka Chemical, Buchs, Switzerland), the samples were mixed,
incubated for 5 min on ice, and separated into pellets and superna-
tants; 15% of each fraction was used for immunoblot analysis with
antisera directed against marker proteins. Adenylate kinase activity
for each supernatant was determined using fractions obtained from
a duplicate experiment starting with 12 mg of mitochondria
(Schmidt et al., 1984). No radioactive substrate was added in this
case.

Submitochondrial Fractionation by Hypotonic
Treatment and Sonication

Import reactions using 700 ug of mitochondria and 0.7 pmol of
labeled 5'-syntRNA™" were performed in the absence and the pres-
ence of 2 uM valinomycin and 50 uM carbonyl cyanide p-trifluoro-
methoxyphenylhydrazone (FCCP). After incubation the reactions
were treated with RNase A as described but not with RNase T, and
proteinase K and mitochondria were reisolated. The pellets were
resuspended in 100 ul of 0.1X SoTE containing 320 U of RNasin.
After 10 min at 0°C, 29 ul of 2.4 M sorbitol were added, and the
samples were centrifuged. The resulting supernatant corresponded
to the intermembrane space fraction. The pellet was resuspended in
129 ul of 0.1X SoTE containing 320 U of RNasin, extensively soni-
cated and centrifuged. The obtained supernatant fraction corre-
sponds to the mitochondrial matrix. RNA was isolated from the
intermembrane space and the matrix fractions of both samples and
analyzed for the presence of imported 5'-syntRNA™* and endoge-
nous tRNAs. Adenylate kinase activity was determined using frac-
tions obtained in a duplicate experiment in which no radioactive
substrate was added (Schmidt et al., 1984).

Trypsin Pretreatment of Mitochondria

The appropriate amount of mitochondria (200 ug/assay) was resus-
pended in import buffer (20 ul/assay) containing 10% glycerol
instead of BSA and treated with the corresponding concentration
(10, 30, and 100 pg/ml) of sequencing grade-modified porcine tryp-
sin (Promega) for 20 min at 25°C. After incubation the protease was
stopped by the addition of trypsin inhibitor to a final concentration
of 10 mg/ml, and 75 ul of import buffer containing either in vitro
transcribed labeled substrate tRNA or in vitro translated precursor
protein were added, resulting in a volume of 100 ul. Import was
then performed according to the standard protocol as described
above.
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Figure 1. tRNA import is time, temperature, and ATP dependent.
(A) Substrate for standard in vitro import assays consisting of the T.
brucei tRNA™" derivative (5'-syntRNA™") containing synthetic 5'-
and 3'-flanking regions (shown in bold). The substrate also contains
an 11-nucleotide intron (shown in lowercase), which does not inter-
fere with import as was shown in T. brucei (Schneider et al., 1994)
and Leishmania in vivo (Sbicego et al., 1998). (B) In vitro import
assays using the 5’-syntRNA™Y" as a substrate. ATP, reactions were
performed in the presence (+) or absence (—) of 4 mM ATP. NP 40,
sample was treated with 0.5% of Nonidet P 40 before RNase diges-
tion. The length in nucleotides of single-stranded DNA fragments
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RESULTS

In Vitro Import System

In order to investigate the mechanism of mitochondrial
tRNA import in T. brucei, we have reconstituted the process
in vitro using isolated organelles and radiolabeled substrate
tRNAs. Most published isolation procedures for trypanoso-
mal mitochondria involve an initial hypotonic lysis of the
cells resulting in biochemically pure organelles which, how-
ever, do not exhibit a membrane potential (Braly et al., 1974;
Harris et al., 1990). Mitochondria used in this study were
prepared by isotonic lysis of the cells using nitrogen cavita-
tion followed by separation on Nycodenz gradients (Hauser
et al., 1996). This procedure yields pure mitochondria having
an intact outer and inner membrane that are devoid of
cytosolic contamination (see MATERIALS AND METH-
ODS). They exhibit a membrane potential, are competent for
protein import (Hauser et al., 1996), and are able to synthe-
size proteins (Nabholz et al., 1999).

The standard substrate tRNA used in the in vitro import
assays was prepared by in vitro transcription using T7 poly-
merase. It consists of a trypanosomal tRNA™* derivative
carrying an artificial 5'-flanking sequence of 14 and a 3'-
trailer of 5 nucleotides (Figure 1A) and is essentially identi-
cal to the one utilized in the L. tropica import system (Ma-
hapatra and Adhya, 1996). The substrate tRNA also contains
an 11-nucleotide intron which, however, does not interfere
with import as was shown in T. brucei (Schneider et al.,
1994a) and L. tarentolae in vivo (Sbicego et al., 1998). Import
assays were performed in the presence or the absence of
ATP. After incubation of the reactions, RNases were used to
remove the nonimported tRNAs, and mitochondria were
reisolated by centrifugation. Finally, RNA was extracted
from the pellets and resolved on a denaturing polyacryl-
amide gel. In order to ensure that equal amounts of RNA
were loaded, the gel was first stained with ethidium bro-
mide to visualize endogenous mitochondrial rfRNA and
tRNAs (Figure 1B, lower panel). No cytosolic RNAs were
found, indicating that the mitochondrial preparations were
of high purity. In addition, the inaccessibility of the endog-
enous RNAs to the added RNases demonstrates that the
mitochondria were still intact after the import assays. Import
of the radiolabeled substrate tRNA was then analyzed by

Figure 1. (cont). used as molecular weight markers and the posi-
tions of mitochondrial TRNAs (Mito. RNA) and tRNAs (Mito.
tRNA) are indicated on the right. (C) Import assays were performed
in the presence (+ATP) or absence of 1 mM ATP (—ATP) or 1 mM
of the indicated nucleotides or nucleotide analogues. RNAs ex-
tracted from reisolated mitochondria of all samples were analyzed
on 8 M urea/10% polyacrylamide gels. The relevant regions of the
ethidium bromide-stained (EtBr) gels and of the corresponding
autoradiograms (ARG) are shown. For the stained gels, the panels
correspond to the top part of the gel showing the mitochondrial
rRNAs and the tRNA region, whereas for the autoradiograms, only
the lower portions of the gels are shown. The two panels, therefore,
overlap only partially but cover all observable signals. The percent-
age of the substrate that was imported (% Import) is indicated at the
bottom of each autoradiogram. To determine import efficiencies the
signals of the two sets of RNase-resistant fragments (see Figure 2)
were combined and quantified on a phosphorimager, and 0.5% of
the added substrate was run on the gels and used as a standard
(Std.).
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autoradiography. The upper panel of Figure 1B shows that
the tRNA was imported into isolated mitochondria, as
evidenced by the appearance of two sets of RNase-resis-
tant fragments that were recovered providing ATP was
added to the reaction. Only a residual signal is observed
when the mitochondrial membranes were destroyed by
NP-40 before the RNase digestion. RNase-resistant frag-
ments do not appear when the incubation step is omitted
or performed at 0°C. In vitro import does not require
cytosolic factors. Import efficiencies up to 4% of added
substrate were reached, which is comparable to the phys-
iological situation in which an estimated 4-6% of a given
tRNA are found in mitochondria. Efficient tRNA import
requires the hydrolysis of ATP: no other nucleotides in-
cluding the nonhydrolyzable 5'-adenylimidodiphosphate
(AMP-PNP) are able to substitute for ATP (Figure 1C).
The residual nuclease-resistant fragments observed in the
reactions containing nucleotides other than ATP are most
likely due to conversion of these nucleotides to ATP or to
ATP contaminations of the chemicals (Horst et al., 1996).
Even in the absence of added ATP or other nucleotides
(Figure 1, B and C) a residual amount of protected frag-
ments is observed. These might be caused by ATP leaking
out of mitochondria or indicates that a small level of
import occurs independently of added ATP.
Unexpectedly, two sets of tRNA fragments rather than the
intact substrate tRNA were recovered after import. To char-
acterize these fragments in more detail, import was per-
formed with the same substrate, which was either uniformly
labeled as in the previous experiments or labeled at the 5'- or
the 3’-end only. As shown in Figure 2A, the RNase-resistant
fragments of the uniformly and the 5'-end-labeled substrates
looked very similar. The protected bands therefore represent
sequences with an intact 5'-end. The size was 70-90 nucle-
otides (the main products being 80—85 nucleotides) for the
upper set of bands, corresponding to fragments ranging
from the 5'-extension to the T-loop region. The lower two
bands are 32 and 35 nucleotides in length and are due to
fragments carrying the 5'-extension and sequences up to the
D-loop region (Figure 2B). No protected fragments were
observed when the 3’-end labeled tRNA was used, implying
the activity of a 3'-exonuclease that completely degrades the
3'-fragments of the tRNA. The distinct 5'-fragments, how-
ever, are protected from complete degradation by the added
RNases and only appear in the presence of ATP, which
strongly suggests that the fragmentation occurs inside mi-
tochondria. This is supported by the fact that the added
RNases (RNase A and RNase T,) show neither ATP-depen-
dent nor 3'-exonuclease activity. The fragmentation is, how-
ever, specific for the imported radiolabeled substrate, since
the endogenous rRNAs and tRNAs are not degraded (Figure
2A, lower panel). This observation might be explained by
the fact that the tRNA used in the assay was transcribed in
vitro and therefore is devoid of nucleotide modifications. In
vivo, however, the majority of the nucleotide modifications
are known to occur in the nucleus; therefore, the in vivo
import substrate would be completely modified (Schneider
et al., 1994b). Nucleotide modifications are known to protect
RNAs from nuclease attack. tRNA is the most extensively
modified RNA in nature, with many of the conserved nu-
cleotide modifications clustered in the D- and the T-loop.
The modifications in the D- and T-loop provide, therefore, a
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Figure 2. Imported tRNA is fragmented by mitochondrial 3'-exo-
nuclease activity. (A) 5-syntRNATY" was labeled uniformly by in
vitro transcription using «®?P-GTP (G), at the 5’-end by polynucle-
otide kinase and y*?P-ATP (5'), or at the 3'-end by splint labeling
using o®?P-ATP (3') (Hausner et al., 1990; Schneider ef al., 1994). All
substrates were tested in standard import reactions. (B) The size of
the two sets of fragments have been calculated, and the regions of
their estimated 3’-ends are indicated by arrows in the sequence of
the 5'-syntRNA™".

plausible explanation why these regions, in a nonmodified
tRNA such as the in vitro import substrate, are the preferred
sites of attack by the mitochondrial RNase activity. Further-
more, high RNase activity is expected in trypanosomes, as
many primary transcripts of mitochondrial mRNAs are ex-
tensively processed by RNA editing, a process in which
various nucleases have been implicated (Cruz-Reyes and
Sollner-Webb, 1996; Piller et al., 1997; Alfonzo et al., 1998).
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Figure 3. A putative physiological substrate competes with import
of the standard substrate. (A) Predicted secondary structure of a
putative physiological import substrate, termed 5'-tRNA™*, consist-
ing of the tRNALY® carrying a 5'-extension of 25 nucleotides (bold),
corresponding to the 5'-flanking sequence found in the genome. It
does not contain an intron and has a mature CCA 3’-end (bold). (B)
Import of 0.2 pmol of radiolabeled 5'-syntRNA™" was challenged
by adding an excess of unlabeled tRNAs. The molar excess of the
competitor tRNA is indicated at the top of the panels. In vitro
transcribed 5'-syntRNA™™ as well as the 5'-tRNALYS were used as
competitors. Quantification of the competition experiments is
shown in the graph.

tRNA Import Is a Carrier-mediated Process

Import of the labeled standard substrate could be competed
with an excess of the homologous substrate, indicating that
mitochondrial tRNA import is a saturatable carrier-medi-
ated process (Figure 3B). All the experiments described
above have been performed using the standard substrate
containing 5’- and 3’-flanking sequences of synthetic origin.
So far, only indirect evidence concerning the nature of the in
vivo import substrate exists. However, the fact the 5'-ex-
tended tRNAs have been detected in mitochondria makes it
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likely that these molecules are the import substrates (Han-
cock et al., 1992). Furthermore, experiments using transgenic
trypanosomes have suggested that, while 5'-extended
tRNAs were detected in these experiments, there is no re-
quirement for a specific sequence of the 5'-extension
(Hauser and Schneider, 1995). This is in agreement with the
fact that a synthetic 5'-extension is functional on the stan-
dard import substrate. In order to show that import of a
putative physiological substrate follows the same pathway
than the semisynthetic standard substrate, we used the
trypanosomal tRNAs. This tRNA carries a 5'-extension of
25 nucleotides, which corresponds to the 5'-flanking se-
quence found in the genome (Mottram ef al., 1991). It does
not contain an intron and has a CCA at its 3'-end (Figure
3A). Figure 3B shows that this putative physiological tRNA
is able to compete for import of the labeled standard sub-
strate, suggesting that they both use the same pathway.
Competition of import with an excess of the tRNAM* is
slightly less efficient than with the corresponding homolo-
gous substrate. This might be due to the different lengths of
their 5'-flanking sequences (25 nucleotides for the tRNA*
and 14 for the tRNA™"), or it might reflect the requirement
for cytosolic factors for correct targeting.

tRNAs Are Imported into the Matrix of
Mitochondria

In order to be physiologically relevant, the in vitro tRNA
import system should result in the transport of the tRNA
into the matrix, the mitochondrial subcompartment where
translation occurs. The submitochondrial localization of the
imported tRNA fragments was established by digitonin ex-
traction (Hartl ef al., 1986). Samples of mitochondria contain-
ing imported tRNAs were treated with increasing concen-
trations of the detergent, separated into pellets and
supernatants, which were then analyzed for the presence of
labeled and endogenous tRNAs, as well as for different
marker proteins. Figure 4 shows that the labeled tRNA
fragments were released into the supernatant at very similar
digitonin concentrations as the endogenous tRNAs and the
matrix marker chaperonin 60. Adenylate kinase, a classic
marker of the intermembrane space (Figure 4B) (Schmidt et
al., 1984), was released at much lower concentrations,
whereas a component of the F,F -ATPase was only partially
released even at high concentrations of the detergent, as
expected for an inner membrane protein. The obtained re-
sults establish that mitochondria with intact outer and inner
membranes were used in the experiments and that the im-
ported tRNA fragments are found in the same intramito-
chondrial fraction as the endogenous tRNAs.

tRNA and Protein Import Depends on Proteinaceous
Receptors

Mitochondrial protein import has been studied in great de-
tail in many different systems (Schatz, 1996; Neupert, 1997;
Glaser et al., 1998; Mori and Terada, 1998). In these studies
the existence of receptors for precursor proteins on the sur-
face of mitochondria has been established (Haucke and Lith-
gow, 1997). The competition experiments shown in Figure 3
showed that tRNA import is a carrier-mediated process in
trypanosomes. The involvement of protein receptors on the
surface of mitochondria is therefore expected for tRNA im-
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Figure 4. In vitro imported tRNAs are localized in the matrix. (A) A
preparative RNase-treated import reaction was split into aliquots that
were incubated with increasing concentrations of digitonin. The samples
were separated into supernatants (S) and pellets (P) and subjected to RNA
isolation. The upper panel shows the recovery of the labeled, imported
tRNA fragments (5'-syntRNA™"). In the panel below, the endogenous
(Endo.) tRNAs are visualized on the corresponding ethidium bromide-
stained gel. In the lowest two panels, immunoblot analysis of the super-
natant fractions using antisera directed against chaperonin 60 (Cpn60), a
matrix marker, and a component of the F_F,-ATPase (an inner membrane
marker) are shown. (B) The signals shown in panel A were quantified
using a phosphorimager and densitometry. For all molecules the percent-
age released to the supernatant is indicated. In addition to the markers
shown in panel A, the activity of adenylate kinase (Adk), a marker of the
intermembrane space, measured in the supernatant fractions, is shown
(Schmidt ef al., 1984). Maximal released activity for Adk was set at 100%.

port as well. In order to test this prediction, mitochondria
were treated with various concentrations of trypsin before
import. After inactivation of the protease, the sample was
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Figure 5. Membrane receptors are required for protein and tRNA
import. Isolated mitochondria of T. brucei were pretreated with the
indicated concentrations of trypsin (Tryp.), split in half, and ana-
lyzed for in vitro protein and tRNA import. For the mock control,
trypsin was inactivated by trypsin inhibitor (Tryp. inh.) before the
addition to mitochondria. (A) Upper panel, import of in vitro trans-
lated mitochondrial precursor of yeast alcohol dehydrogenase III
(AdhIII) was analyzed by proteinase K protection assays and fluo-
rography (Hauser ef al., 1996). Lower panel, in vitro tRNA import
assays using the labeled 5'-syntRNA™* as a substrate. Added
AdhIII (5%) and 0.5% of added 5'syntRNATY" were used as stan-
dards. (B) Quantification of the results in panel A. Import in the
mock control was set at 100%.

split in half and analyzed for tRNA and as a control for
protein import. Protein import was monitored by the ap-
pearance of proteinase K-resistant radiolabeled protein as
described previously (Hauser et al., 1996). In vitro translated
mitochondrial precursor of yeast alcohol dehydrogenase III
(AdhIII), a mitochondrial matrix protein, was used as a
substrate. However, it was previously shown that a precur-
sor protein carrying a trypanosomal presequence behaves
the same (Hauser et al., 1996). Figure 5 shows that trypsin
pretreatment of mitochondria abolishes protein import as
expected. Essentially the same result was obtained for tRNA
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import. A mock control was performed where trypsin at the
highest concentration used in the experiment was mixed
with trypsin inhibitor before it was added to mitochondria.
This control was crucial as most commercial trypsin prepa-
rations tested contained RNases, and only protein sequenc-
ing-grade trypsin was devoid of such interfering activity. In
summary, we can conclude from these experiments that
tRNA as well as protein import need proteinaceous recep-
tors on the surface of mitochondria. In addition, the ob-
served inhibition of tRNA import by trypsin pretreatment of
mitochondria precludes that the observed fragmentation of
the imported tRNA is caused by the added RNases, since
these proteins are only added after the inactivation of tryp-
sin. These experiments therefore establish that the imported
tRNA is cut into two sets of fragments by an as-yet-uniden-
tified mitochondrial RNase activity.

Distinct Mechanisms for tRNA and Protein Import

The mechanism of mitochondrial tRNA import has been
studied most extensively in S. cerevisiae, and it was shown
that the tRNA is coimported with a mitochondrial precur-
sor protein across the protein import channel (Tarassov
and Martin, 1996). To investigate whether this also applies
for T. brucei, we compared in vitro import of proteins and
tRNAs in both T. brucei and S. cerevisiae mitochondria. The
top panel of Figure 6A shows that import of a yeast
mitochondrial matrix protein (AdhlIII) occurs in both or-
ganisms with comparable efficiencies. As expected, dissi-
pation of the membrane potential by the ionophore vali-
nomycin and the protonophore FCCP abolishes protein
import in both species. Using the same mitochondrial
preparations and conditions as used for protein import,
tRNA import assays were performed in both organisms.
As predicted, no import was observed in yeast under
these conditions. tRNA import in yeast has previously
been analyzed in great detail and was shown to be specific
for a single tRNA® isoacceptor, to depend on the pre-
cursor of mitochondrial lysyl-tRNA synthetase, and to
need the membrane potential (Tarassov et al., 1994). In T.
brucei, in contrast to yeast, the tRNA was imported both in
the presence and in the absence of a membrane potential.
The time course experiment in Figure 6B shows that not
only the standard import reaction performed for 60 min,
but the whole kinetic of tRNA import, remains unaffected
by the electrochemical potential. In order to define the
submitochondrial localization of the tRNA fragments im-
ported in the presence or the absence of the membrane
potential, mitochondria were separated into an intermem-
brane space and a matrix fraction using hypotonic swell-
ing and sonication. Analysis of the obtained fractions
gave the same result as the digitonin extraction (Figure 4).
Both the labeled tRNA fragments as well as the endoge-
nous tRNAs were localized in the matrix, irrespectively of
whether import has been performed in the presence or the
absence of a membrane potential (Figure 6C). The hypo-
tonic procedure to selectively disrupt the outer membrane
was monitored by measuring the activity of adenylate
kinase that is localized to the intermembrane space
(Schmidt et al., 1984). Two conclusions may be derived
from these results. First, tRNA import can occur in the
presence of the membrane potential. This is not trivial, as
in the living cell mitochondria certainly exhibit a mem-
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brane potential that renders the inside of the inner mem-
brane acidic. Membrane translocation of tRNAs that are
negatively charged would therefore be expected to be
inhibited due to charge repulsion. Second, it is a well-
established fact that all mitochondrial matrix proteins
require a membrane potential to translocate the inner
membrane (Wachter et al., 1994; Bauer et al., 1996). The
absence of such a requirement for tRNA import in try-
panosomes indicates that different mechanisms must exist
for import of tRNAs and proteins.

Additional evidence for the existence of two distinct
mechanisms is provided by competition experiments. No
competition for import of the mitochondrial matrix protein
AdhlII is observed by the addition of an excess of the stan-
dard tRNA import substrate (Figure 7A), even though as
little as 10 pmol of the tRNA is sufficient to efficiently com-
pete for import of the corresponding labeled tRNA. Control
experiments showed that the same amount of reticulocyte
lysate that was added to the protein import assay does not
inhibit tRNA import (Figure 7B). Finally, in Figure 7C, the
result of a combined import reaction of protein and tRNA
performed in the same tube is shown. Half of the reaction
was analyzed for tRNA import, and the other half for pro-
tein import. Both macromolecules were shown to be im-
ported, indicating that the selected conditions are compati-
ble for tRNA as well as protein import.

DISCUSSION

Reconstitution of Mitochondrial tRNA Import

We have reconstituted an in vitro system for mitochondrial
tRNA import containing isolated mitochondria of T. brucei
and radiolabeled substrate tRNA. The mitochondria used in
the assay had intact outer and inner membranes and were
fully functional, which is illustrated by the presence of a
membrane potential and competence for protein import
(Hauser et al., 1996) as well as for mitochondrial translation
(Nabholz et al., 1999). Incubation of these mitochondria with
the substrate led to protection of radiolabeled tRNA frag-
ments from added RNases. This protection is dependent on
intact membranes, the hydrolysis of ATP, time, and elevated
temperature. Recovery of the substrate tRNA fragments re-
quires proteins on the surface of mitochondria. The appear-
ance of protected tRNA fragments is due to a process that
could be saturated by the addition of a chemical excess of
unlabeled substrate tRNA. Using two independent fraction-
ation procedures (digitonin extraction and hypotonic dis-
ruption of the outer membrane), the protected substrate
fragments were found in the soluble matrix, the innermost
subcompartment of mitochondria. The conclusion reached
from these experiments is that translocation of the tRNA
across the two mitochondrial membranes has been reconsti-
tuted in vitro. Surprisingly, import did not require cytosolic
factors and led to fragmentation of the imported in vitro
transcribed substrate (discussed in RESULTS). A similar in
vitro import system has been reported for L. tropica (Maha-
patra et al., 1994; Mahapatra and Adhya, 1996). However, the
mitochondria used in that study have not been analyzed for
an intact outer membrane and the presence of a membrane
potential. Furthermore, the submitochondrial location of the
imported tRNA has not been analyzed. The fact that a hy-
potonic procedure has been used to isolate the organelles in
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that study makes it likely that the membrane potential is not
maintained and that the outer membrane is disrupted.
Therefore, the L. tropica system may not, in these respects,
reflect the physiological situation. A 12-kDa protein appears
to play a role in import in the L. tropica import system.
However, the intracellular localization of the protein is un-
clear: it has been found in isolated mitochondria but may
also be present in other cellular fractions (Adhya ef al., 1996).
At present we have no evidence for the occurrence of a
similar protein in the mitochondrial preparations used in the
T. brucei import assays.
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the results is shown on the graph be-
low the panel. The total signal ob-
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brane space fraction was set at 100%.

Mitochondrial tRNA and Protein Import

Mitochondrial protein import requires two complex import
machineries, one in the outer and one in the inner mitochon-
drial membrane (Pfanner et al., 1997). The task of these
machineries to transport proteins across the two membranes
is, at least in principle, comparable to import of tRNAs, in
that proteins and tRNAs are both macromolecules. Further-
more, it has been shown in vitro that a double-stranded
DNA oligonucleotide that was covalently linked to either a
mitochondrial precursor protein (Vestweber and Schatz,
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Figure 7. An excess of import-competent tRNA does not compete
with import of a matrix protein. (A) Import of AdhIII precursor was
performed after preincubation (20 min) of the mitochondria without
(=) or with an excess (10, 50 pmol) of 5'-syntRNA™" (10 pmol of the
tRNA corresponds to a 50-fold molar excess in Figure 3). Relative
import efficiencies are indicated at the bottom of each lane. (B)
Import of AdhIII precursor was performed in the absence and the
presence of the same amount of reticulocyte lysate (RL) as was used
in panel A. (C) Radioactive AdhIII precursor and radioactive 5'-
syntRNA™" were incubated with mitochondria in the same tube.
One-half of the reaction was analyzed for tRNA import, the other
half for protein import.

1989) or to a presequence alone (Seibel et al., 1995) can be
transported across the protein import pore. It was reason-
able, therefore, to suggest that also in vivo imported tRNAs
may bind to mitochondrial precursor proteins and use the
protein import pathway. Indeed, physiological coimport of
a tRNA complexed with a precursor protein has been
shown in S. cerevisiae. As expected, in this case the require-
ments for import of the tRNA are identical to the require-
ments of protein import (Tarassov ef al., 1994; Tarassov and
Martin, 1996).

Surprisingly, we find in our comparative analysis of tRNA
and protein import that the situation is different in T. brucei.
Here the features for tRNA import are clearly distinct from
the ones for protein import. Both processes need added ATP
and proteinaceous receptors on the surface. The membrane
potential, however, is needed for protein, but not for tRNA,
import. This finding suggests that the protein import ma-
chinery of the mitochondrial inner membrane cannot be
involved in tRNA import as it is only functional in the
presence of a membrane potential (Wachter et al., 1994;
Bauer et al., 1996). Further evidence that the two processes
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are not linked is provided by the observations that no cyto-
solic factors are needed for tRNA import in vitro. It should
be emphasized, though, that whereas the actual membrane
translocation of tRNA does not need cytosolic factors, solu-
ble proteins may still play a role in import in vivo. These
factors, analogous to cytosolic chaperones in protein import,
may play a role in unfolding of the secondary or tertiary
structure of the tRNA. Depending on the tRNA substrate
used in the reconstituted system, the requirement for cyto-
solic factors might be bypassed. This could result in a dif-
ferent substrate specificity of the in vitro system when com-
pared with the in vivo situation and might explain why the
5'-tRNA™S, a putative natural import substrate, is a less
efficient competitor of a standard import reaction than the
semisynthetic 5'-syntRNA™" (Figure 3). Finally, it has been
shown in a combined import assay that import of a matrix
protein cannot be competed by import-competent tRNA
even when added in large excess. This argues against the
involvement of the outer membrane protein import machin-
ery in tRNA import. In summary, these results clearly show
that in trypanosomes, unlike in yeast, tRNAs and proteins
are imported into mitochondria by fundamentally different
mechanisms, suggesting the existence of a separate import
machinery devoted to tRNAs only. It therefore appears that,
during evolution, nature invented two different solutions to
the problem of how hydrophilic RNAs are transported
across the mitochondrial membranes. In yeast, where only a
small amount of one specific tRNA is imported, the best
solution for the cell may be to make use of the already
existing protein import machinery. Trypanosomes are faced
with quite a different situation: they must import the whole
set of organellar tRNAs (30 species), in quantities sufficient
for mitochondrial translation (Hancock and Hajduk, 1990).
Coimport with protein may therefore not be an option;
instead, a more efficient pathway solely devoted to import
tRNAs has evolved. In many plants the situation may be
very similar to trypanosomes: a large number of tRNAs
must be imported in order to support mitochondrial trans-
lation (Dietrich ef al., 1992). It will interesting to see, there-
fore, which of the two principal models, coimport or direct
import, applies to plants.

Mitochondrial tRNA Import and Nuclear tRNA
Export

Before nuclear-encoded tRNAs are imported into mitochon-
dria they first must be exported from the nucleus. The two
processes, nuclear tRNA export and mitochondrial tRNA
import, however, are fundamentally different, since the na-
ture of the nuclear and the mitochondrial membranes is not
comparable. The nuclear membrane contains large pores
that are permeable for molecules up to 20 kDa and across
which proteins and RNAs are actively transported (Forbes,
1992; Mattaj and Englmeier, 1998). In mitochondria, the
inner membrane represents a much tighter barrier. The ox-
idative phosphorylation in mitochondria is coupled to the
membrane potential across the inner membrane, illustrating
that not even protons can freely pass across this membrane.
Considering these facts it is not surprising that completely
different mechanisms are being used to transport the tRNAs
across the nuclear and the mitochondrial membranes. Nu-
clear export of tRNAs has been analyzed in great detail and
was shown to require proteins that are cotransported with
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the tRNA (Wolin and Matera, 1999). The situation is differ-
ent for mitochondrial tRNA import in T. brucei: no soluble
protein factors are needed on the cis side of the membrane,
and no cotransport of the tRNA with proteins occurs.

The mitochondrial membranes are clearly the tightest bar-
riers any RNA molecule faces within the cell. There appears
to be two principal mechanisms by which tRNAs can be
translocated across these membranes: coimport with mito-
chondrially destined proteins, as has been shown in yeast,
and direct import, as presented in this study for T. brucei.
tRNA import in T. brucei appears to be the only case in
which RNA is transported across a membrane without any
evidence for simultaneous translocation of associated pro-
teins. Further work will now be concentrated on the identi-
fication of membrane factors involved in this unique pro-
cess.
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