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Induced tRNA Import into Human Mitochondria:
Implication of a Host Aminoacyl-tRNA-Synthetase
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Abstract

In human cell, a subset of small non-coding RNAs is imported into mitochondria from the cytosol. Analysis of the tRNA
import pathway allowing targeting of the yeast tRNA"*c,, into human mitochondria demonstrates a similarity between the
RNA import mechanisms in yeast and human cells. We show that the cytosolic precursor of human mitochondrial lysyl-tRNA
synthetase (preKARS2) interacts with the yeast tRNA"*c,y and small artificial RNAs which contain the structural elements
determining the tRNA mitochondrial import, and facilitates their internalization by isolated human mitochondria. The tRNA
import efficiency increased upon addition of the glycolytic enzyme enolase, previously found to be an actor of the yeast
RNA import machinery. Finally, the role of preKARS2 in the RNA mitochondrial import has been directly demonstrated
in vivo, in cultured human cells transfected with the yeast tRNA and artificial importable RNA molecules, in combination
with preKARS2 overexpression or downregulation by RNA interference. These findings suggest that the requirement of
protein factors for the RNA mitochondrial targeting might be a conserved feature of the RNA import pathway in different

organisms.
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Introduction

Mitochondria are essential organelles of almost all eukaryotic
cells and take part in several critical cellular processes. They
contain their own genome and perform transcription and
translation of their genetic material. However, the vast majority
of biological macromolecules found in mitochondria are imported
from the cytosol. For instance, the total number of mitochondrial
protein species is about 850-900 whereas the mitochondrial
genome codes for only 8 proteins in yeast and 13 ones in human
cells, so all other proteins are imported from the cytosol. The
mechanisms of protein import into mitochondria are described in
detail and appear as universal for all eukaryotes [1,2]. The
situation is different for RNA: several types of small non-coding
RNAs were suggested to be imported into mitochondria in
different species, and the mechanisms of these processes are
believed to be different in each case (see for review [3,4,5]).

In yeast Saccharomyces cerevisiae, the cytosolic tRNALySCUU
(further referred to as tRK1) is transcribed from a nuclear gene
and then unequally redistributed between the cytosol (97-98%)
and mitochondria (2-3%) [6]. The mitochondrial pathway was
shown to be essential for mitochondrial translation at elevated
temperatures, when the mtDNA-encoded isoacceptor tRNA™
*vuu becomes undermodified at the wobble position of the
anticodon and loses its capacity to recognize the lysine AAG codon
[7]. The mitochondrial targeting of tRK1 in yeast w vitro and
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in vivo was shown to depend on the cytosolic precursor of
mitochondrial lysyl-tRNA synthetase (preMSKI1p), which serves
as a carrier [8,9], and the glycolytic enzyme enolase (Eno2p)
[10,11]. Analysis of conformational rearrangements in the RNA
by in-gel FRET approach permitted to demonstrate that binding to
the protein factors and the subsequent RNA import require
formation of an alternative structure, different from the classic L-
form tRNA model. In the complex with Eno2p, tRK1 adopts a
particular conformation characterized by bringing together the 3'-
end and the TWC loop and forming a structure referred to as F-
hairpin (Fig. 1A) [12]. We suggested that only those RNAs that are
able to form a stable alternative F-stem proceed to the
mitochondrial import pathway involving specific interactions with
the carrier protein, preMSK1p, and membrane receptors [13].
Exploiting these data, a set of small RNA molecules based on
the F-hairpin sequence, with a significantly improved efficiency of
import not only into yeast but also into human mitochondria
i vitro and i vive, have been constructed. This opened a possibility
to design a new vector system capable to target therapeutic
oligoribonucleotides into deficient human mitochondria [12]. So
far, the RNA import is the only known natural mechanism of
nucleic acid delivery into human mitochondria. Since many
incurable neuromuscular diseases have been associated with
mtDNA mutations, the RNA import represents a promising tool
for the future gene therapy. The allotopic (nuclear) expression of
recombinant tRNA molecules importable into mitochondria has
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Figure 1. Predicted structures of the yeast tRNA"Y*cyy (tRK1) and small synthetic RNAs. (A) Two alternative structures of tRK1, as in [12].
The cloverleaf structure is shown at the left, the F-structure at the right. The tRK1 amino acceptor stem is in red, the D-arm in blue and the T-arm in
purple. (B) Secondary structures of small synthetic “anti-replicative” RNAs composed of the tRK1 D-arm (in blue) and the F helix-loop structure (in
red), separated by oligonucleotide stretches complementary to the heavy or light strands of human mitochondrial DNA [17]. (C) Truncated RNA
molecules derived from FD-L RNA lacking either the D-arm of tRK1 (HF RNA) or the F-hairpin (HD RNA). The nucleotides added to the 5’-end of HF
RNA to improve T7-transcription are underlined. For HF RNA, only one secondary structure (dG= —11.6 kcal/mol) was predicted by Mfold, for HD RNA,

a structure with the minimal initial dG= —5.9 kcal/mol is shown.
doi:10.1371/journal.pone.0066228.g001

been exploited to partially correct the pathogenic effect of mtDNA
mutations in human cells [14,15,16]. Recently, we demonstrated
that replication of mtDNA containing a pathogenic mutation can
be specifically affected by RNA molecules bearing oligonucleotide
stretches complementary to the mutated region. These molecules
can be targeted into human mitochondria i vive using artificially
engineered RNA vectors based on the tRK1 alternative structure
(Fig. 1A, B) [17]. To further develop and optimize this approach,
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we need to understand the molecular mechanism of RNA
targeting into human mitochondria, especially the protein factors
participating in this process. This question is addressed in the
present study.

It was previously found that the synthetic transcripts of yeast
tRNAs™* and a number of their mutant versions could be
specifically internalized by isolated human mitochondria in the
presence of yeast or human soluble cytosolic proteins, indicating
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that the human cell possesses the machinery needed for the tRNA
mitochondrial import [18,19]. We also suggested that the cytosolic
precursor of human mitochondrial lysyl-tRNA synthetase (pre-
KARS?2) could replace its yeast homologue preMSKI1p and serve
as a carrier for tRK1 [19]. In human cells, a single KARS! gene
codes for both mitochondrial and cytosolic lysyl-tRNA-synthetases
which are translated from two mRINAs generated by alternative
splicing [20]. Here we use abbreviations KARS2 and preKARS?2
for the mature mitochondrial enzyme and its cytoplasmic
precursor, correspondingly, and KARSI for the cytosolic enzyme.
Recently, another research group has demonstrated that the
recombinant KARS2 can substitute preMSK1p in targeting tRK1
into isolated yeast and mammalian mitochondria in the presence
of the yeast cytosol [21].

Here we show that preKARS2 has an affinity to tRKI and
artificial RNA molecules containing the structural elements which
determine the tRK1 mitochondrial import. These molecules can
be targeted into isolated human mitochondria in the presence of
preKARS2 and mammalian enolase, thus demonstrating a
similarity to the yeast system. Finally, the role of preKARS2 in
the RNNA mitochondrial import is, for the first time, demonstrated
m vivo, in human cells transfected with tRKI1 and artificial
importable RNA molecules.

Results

PreKARS2 Binds tRK1 and Artificial Importable RNA
Molecules

To study the implication of the cytosolic precursor of human
mitochondrial lysyl-tRNA synthetase (preKARS2) in the mito-
chondrial import of the yeast cytosolic tRNA™ ¢y ((RK1), we
first analysed the interaction of the recombinant preKARS2 with a
T7-transcript of tRK1 by EMSA (Fig. 2), using labeled RNA and
increasing concentrations of the protein, as described [10]. The
apparent £ of the complex was estimated as 3004+/—50 nM.
Thus, the affinity of preKARS2 to tRK1 is only slightly lower than
that of its yeast homolog, preMSKlp, with the apparent Ay
previously evaluated as 280+/—60 nM [9]. Noteworthily, the
recombinant protein lacking the mitochondrial targeting pre-
sequence predicted by Mitoprot [20] and thus corresponding to
the mature mitochondrial enzyme KARS2 was not able to interact
with tRK1 (Fig. 2A). This finding parallels our previous study
suggesting a particular way of interaction between tRK1 and yeast
preMSK1p which does not lead to the tRNA aminoacylation [8].

Previous analysis of RNA aptamers imported into human
mitochondria permitted us to design short synthetic RNAs
comprising two domains of the tRKI1 alternative structure
(Fig. 1 A, B) and characterized by a high efficiency of
mitochondrial targeting [12,17]. The molecules referred to as
FD-L and FD-H, containing the D-arm and F-hairpin parts of
tRK1 separated by 17-22 nucleotides stretches, were able to form
complexes with the recombinant preKARS2 with the apparent Ay
of 400+/—50 nM, indicating a lower but still important affinity to
preKARS2 (Fig. 2B). The specificity of the interaction was
verified by North-Western hybridization in the presence of specific
and nonspecific competitors (Fig. 2D). The data show that 30x
molar excess of cold E. coli rRNA only partially decreased the
interaction of preKARS2 with labeled tRK1 and FD-L RNA,
whereas the 10x molar excess of cold FD-R RNA completely
abolished this interaction.

To study more precisely the role of each of the two stem-loop
RNA domains, we constructed truncated FD-L. RNA molecules
(Fig. 1C) lacking either the D-arm (HFF RNA) or the F-hairpin
(HD RNA) of tRKI1. Neither molecule was able to interact with
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preKARS?2 (Fig. 2C), indicating the importance of the simulta-
neous presence of the D-arm and the F-hairpin for the RNA
affinity to preKARS2.

PreKARS2 can Direct the RNA Import into Isolated
Human Mitochondria

Previously, we suggested that preKARS2 might replace
preMsklp in the import of tRKI1 into human mitochondria
[19]. To demonstrate this directly, the i vitro import test was
performed by incubating the proteins and the labelled RNA with
purified mitochondria from HepG2 cells, as described [22]. We
tested the recombinant preKARS2 in combination with rabbit
enolase, since our previous study of the tRK1 import into yeast
mitochondria had shown that yeast enolase recognizes the
mmported tRNA and favours its binding to preMSKl1p [10].

Purified human mitochondria were not able to internalize the
external tRK1 in the absence of protein factors (Fig. 3). Control
reactions without mitochondria or in the absence of ATP (Fig. 3A)
demonstrate that the proteins do not protect the RNA from
nuclease digestion. Upon addition of mitochondria and the
recombinant preKARS2, a portion of tRK1 and the small
artificial RNAs FD-L and FD-H has been protected from nuclease
degradation (Fig. 3 A, B), thus indicating their import into the
mitochondria. The amount of the imported RNA was determined
by comparison of the band density of the protected full-size RNA
isolated from the mitoplasts after the import assay with that of an
aliquot of the input labelled RNA, as shown in Fig. 3. As it was
demonstrated previously [18,19], only a minor fraction (1-5%) of
the tRK1 added to the import mixture is transported into the
1solated human organelles, corresponding to the i vivo situation in
yeast [6] [23].

The amount of the imported RNA increased upon addition of
rabbit enolase to the import mixture in combination with
preKARS2, however, the effect of enolase was dependent on the
RNA structure. tRK1 was very poorly imported with preKARS2
alone but its import has been significantly improved upon addition
of either rabbit or yeast enolase (Fig. 3A), demonstrating the
interchangeability of the yeast and mammalian targeting systems.
The recombinant human enolase (hEnol) had the same effect on
the tRK1 import i vitro as the rabbit one (not shown).

In contrast to the situation with tRK1, the level of mitochon-
drial import of the FD-L and FD-H RNA molecules was rather
high in the presence of preKARS2 alone and has only been
slightly improved upon rabbit enolase addition (Fig. 3B). These
data are in agreement with our model suggesting that only in the
alternative F-conformation tRK1 acquires a high enough affinity
to preMsklp (Fig. 1A), and the RNA-chaperone activity of
enolase is necessary for this structural rearrangement [12].
According to this suggestion, the presence of enolase should not
be so important for the FD-L and FD-H RNA molecules, since
they do not need the structural rearrangements for the interaction
with preKARS2 and mitochondrial targeting.

As expected, the truncated RNA molecules HF and HD, which
cannot interact with preKARS2, have not been directed into
human mitochondria by this protein, independently of the
presence of rabbit enolase (Fig. 3C).

Implication of preKARS2 in the RNA Mitochondrial Import
in vivo

To compare the i vitro and in vivo import requirements, the role
of preKARS?2 in the mitochondrial RNA targeting was studied in
cultured human cells. For this, we used the i viwo import assay on
the cells transfected with RNA molecules, as described [12,24]. To
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doi:10.1371/journal.pone.0066228.g002

downregulate preKARS2, cultured human HepG2 cells were
transiently transfected with a mixture of two siRINAs specifically
designed against the part of the preKARS2 mRNA corresponding
to the mitochondrial targeting sequence. Three days after the
second transfection (see Methods section for details), a drop of
more than 70% was observed for preKARS2 by Western blot
(Fig. 4A). To evaluate the effect of the preKARS2 downregulation
on the RNA import into mitochondria, the cells were transfected
with purified T7-transcripts of tRK1, FD-L or IFD-H. The whole
cell RNA and mitochondrial RNA were isolated from the control
and preKARS2-downregulated cells and analysed by Northern
blot hybridization (Fig. 4B). The absence of signal in the
mitochondrial RNA after hybridization with the probe against
the cytoplasmic 5.8S rRNA indicates that the treatment of
mitochondria with ribonuclease and digitonin removed all
contamination by cytoplasmic RNA. The amount of tRKI
molecules internalized by the cells was quantified by Northern
blot hybridization using known amounts of T7-transcripts loaded
on the same gel as standards. By this approach, we could estimate
that 10.8£0.5% of the tRK1 added to the cells were internalized
and could be detected in the full-size form 48 h after transfection.
This value corresponds to 2.6+0.2x10° RNA molecules per cell,
which number is in the range of most abundant cellular RNAs, for
example, 5S rRNA, estimated previously as 3.6+0.5x10° RNA
molecules per cell [19]. The number of tRK1 molecules in the
mitochondrial fraction corresponded to 4.6+0.4x10* RNA
molecules per cell, giving 2.5£0.3% of the molecules imported
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into mitochondria from the cellular pool, which perfectly
correlates with our in vitro data.

We observed a clear difference in the mitochondrial RNA
import between the control and preKARS2-downregulated cells:
the tRK1 import decreased 2-fold, and a 2.5-3-fold reduction was
observed for the small artificial FD-L and FD-H RNAs import
(Fig. 4B).

To confirm the role of preKARS2 as a mitochondrial targeting
factor for tRKI1 and its derivatives, we tested the RNA
mitochondrial import in cells overexpressing preKARS2. For this,
we used HeLa Tet-Off cells transiently transfected with a plasmid
expressing preKARS2 (generous gift of M. Mirande, Gif-sur-
Yvette, France). In 48 h after transfection, a 2- to 3-fold increase of
the preKARS2 protein amount in the cell extract was detected
(Fig. 4C), in agreement with previously published data [25]. The
cells overexpressing the preKARS2 protein were transfected with
tRK1, FD-L or FD-H, and the mitochondrial RNA import was
analysed by Northern blot hybridization (Fig. 4D), compared to
control cells transfected with an empty vector. The mitochondrial
import of all three RNA molecules, tRK1, FD-L and FD-H,
increased 2-fold in the cells over-expressing preKARS2, confirm-
ing that the amount of the RNA molecules penetrating into
mitochondria in human cells depends on the level of the
preKARS?2 protein expression.

All the data presented above clearly indicate the role of the
human mitochondrial lysyl-tRNA synthetase preKARS2 in the
mitochondrial targeting of yeast tRK1 and the artificial RNA
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(+) corresponds to the complete import assay, Mitochondria (-) to the mock import assay without mitochondria used as a control for non-specific
protein-RNA aggregation. The RNA import efficiency was calculated by comparing the signal with the input and is indicated below each lane. A
representative of three independent experiments is presented for each RNA, =SD indicated.

doi:10.1371/journal.pone.0066228.9g003

molecules containing two structural elements of the tRKI
alternative “import-active” fold, the D-arm and the F-hairpin.

Mitochondrial Import of Truncated RNA Molecules is not
Dependent on preKARS2

Surprisingly, the small artificial RNA molecules containing
either the D-arm or the F-hairpin (referred to as HD and HF,
Fig. 1C), which were not imported into isolated human
mitochondria @ vitro, were internalized by mitochondria m viwo
(Fig. 5A, B). A possible explanation of this discrepancy could be
that our @ vitro import conditions may not allow for a correct
(predicted) folding of the short truncated RNA molecules.
Nevertheless, the same RNAs internalized by cells, were able to
be folded and imported into mitochondria.

To verify the specificity of our import test, we designed an
artificial control RNA of a size similar to that of the HIF and HD
molecules (43 nt) but unrelated to yeast tRK1 and containing a
short G-C stem and a long unstructured loop (Fig. 5C). This
control RNA was not able to interact with the recombinant
preKARS?2 and to be imported into isolated human mitochondria
in the presence of the purified proteins, preKARS2 and rabbit
enolase (Fig. 5C, middle panel). Contrary to HD and HF RNAs,
the control RNA was not detected in mitochondria of transfected
HepG2 cells (Fig. 5C, right panel), indicating that not any short
RNA molecule can be imported but only those containing the
structural import determinants.

As it has been shown above, the HD and HF RNA molecules
lack the capacity to interact with the recombinant preKARS2 and
to be imported into isolated human mitochondria in the presence
of preKARS2 and rabbit enolase (Fig. 3C). In agreement with
these data, the i vivo import of these RNAs was not dependent on
preKARS2, since no change in the amount of the RNA molecules
transported into mitochondria was observed when preKARS2 had
been transiently downregulated or overexpressed (Fig. 5A, B).
This suggests implication of other protein factor(s) in the import of
these RNAs into mitochondria i viwo.

To check if the mitochondrial targeting of the truncated RNAs
is still dependent on protein factors, we isolated crude proteins
from HepG2 cells, fractionated them by gel-filtration and tested
the main peaks, each representing a mixture of many proteins, for
their ability to direct RNA into isolated human mitochondria
(Fig. 5D). We detected an efficient import of both truncated
RNAs in the presence of one protein fraction (Fig. 5E), thus
demonstrating that the i vitro mitochondrial import of the HD
and HF RNA molecules is dependent on protein factors.

All presented data show that the RNA targeting into human
mitochondria is a flexible process, allowing to import not only a
full-size yeast tRNA but also its truncated versions. Import of
tRK1 and the RNAs containing both tRK1 import determinants
depends on the preKARS2 protein. Shorter truncated molecules
were shown to be imported with a help of other, so far unidentified
protein factor(s).

Discussion

PreKARS2 as a tRK1 Carrier to Human Mitochondria

In human cells, a subset of small non-coding RNA is imported
into mitochondria from the cytosol [26], including some tRNAs
(either in a natural or an artificial manner) [14,27], the RNA
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components of RNase P and MRP endonuclease [28,29], and 5S
rRNA [30,31]. Analysis of the cryptic tRNA import pathway,
allowing the targeting of the yeast tRNA"™¢yy into human
mitochondria, performed in the present study demonstrated a
similarity between the tRK1 import mechanisms in yeast and
human cells. In yeast cells, preMSKI1p and Eno2p were identified
as the tRK1 mitochondrial targeting factors [10,32]. A similar
tRNA import pathway in human cells involves the orthologous
proteins, preKARS2 and enolase. Moreover, the alternative
folding of tRK1 as a determinant for the mitochondrial targeting
in yeast [12] seems to be relevant in human cells as well, since we
show that artificial RNA molecules containing two hairpin
structures characteristic for the tRK1 alternative F-fold (Fig. 1A)
can be efficiently imported into human mitochondria i vitro and
in vivo, in a manner clearly dependent on the preKARS2 protein
(Fig. 3, 4).

Aminoacyl-tRNA-synthetases is a group of enzymes responsible
for the specific attachment of amino acids to their cognate tRNAs,
thus performing a key step of translation (reviewed in [33]). In
human cells, one gene AARS! codes for both mitochondrial and
cytosolic lysyl-tRINA-synthetases which are produced from two
mRNAs generated by alternative splicing [20]. PreKARS2
possesses a specific N-terminal sequence of 49 amino acid residues,
which is the only difference from KARS1 [20,34]. The situation is
opposite in yeast S. cerevisiae where the mitochondrial and cytosolic
lysyl-tRNA-synthetases are encoded by distinct genes, MSK7 and
KRS1 [35]. PreMSK1p plays an essential role in the mitochondrial
targeting of the cytosolic (RNA™¢yy (tRK1) in yeast [8].
Previously, it has been demonstrated that human preKARS2
overexpressed in yeast can partially complement the growth defect
associated with the loss of AMSK7 and can additionally facilitate the
import of tRKI into isolated yeast mitochondria [21]. Here we
demonstrate the direct interaction of preKARS2 (but not of its
mature form) with yeast tRK1 and the involvement of this protein
in the tRK1 import into human mitochondria i vivo.

Recently and rather surprisingly, the mature mitochondrial
enzyme KARS2 was shown to interact with the human cytosolic
tRNA"™*; with an apparent &} of 250+/—40 nM, but the presence
of the mitochondrial targeting sequence in preKARS2 completely
abolished the RNA-binding properties of the protein (£; >1 pM
for preKARS2) [34]. Since in human cells no import of (RNA™*
mto mitochondria had been observed [26], the apparent
discrepancy between these and our data clearly indicates a
different mode of preKARS?2 interaction with either the non-
importable cytosolic tRNA™*; or the importable tRK1. This is in
agreement with our hypothesis that only the alternative fold of
tRNA can be recognized by the precursor of mitochondrial lysyl-
tRNA-synthetase functioning as an RNA mitochondrial carrier.
Thus, only yeast tRK1 and some specially designed RNA
molecules capable to adopt the alternative conformation can
interact with preKARS2 and be targeted into human mitochon-
dria.

RNA Targeting into Mitochondria: a Species-specific or a
Universal Mechanism?

In general, each known case of RNA mitochondrial import
appears somewhat special and thus not sufficient to establish a
common RNA import mechanism [36]. The results of the present
work, together with our previous data, enable us to revisit the
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Figure 4. Implication of preKARS2 in the RNA mitochondrial import /in vivo. (A) Western blot analysis of preKARS2 downregulation by RNA
interference (Si). The level of preKARS2 in the cells transiently transfected with siRNAs against preKARS2 (Si) compared to the control cells transfected
with a control siRNA (Ctrl) is indicated below the panel. The antibodies used for immunodecoration are shown on the right. (B) Northern blot
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doi:10.1371/journal.pone.0066228.g004

PLOS ONE | www.plosone.org

7 June 2013 | Volume 8 | Issue 6 | 66228



tRNA Import into Human Mitochondria

A

Total RNA mt RNA Total RNA mt RNA Relative import efficiency
Ctrl OE Ctrl OE Ctrl OE Ctrl OE

- e a e -“- s - |-
W e B @R e e D @ | RNAT o

. 04
s ‘ oyt 5.85 - T oyt 5.8S -
1 1.240.1 1 1.3£0.1 ° el HF HD
Relative import efficiency Relative import efficiency KARS2 overexpression
Total RNA mt RNA Total RNA mt RNA

Relative import efficiency

Ctrl Si Ctrl Si Ctrl Si Ctrl Si

12
B - e i |\, - - a0 :
- - [ - - e |riRNAE |

on - oyt 5.85 | e (g oyt 5.88 *
o
1 1.0£0.1 1 1.0:0.1 ctrl HF o
Relative import efficiency Relative import efficiency KARS?2 downregulation
ACACAG, § + - + - Enolase
< . = & + + preKARS2
Q.
2 £ £ “ + + +  Mitochondria
A A
CAC CAC el
A A ctrl RNA *‘
ComchS -
C=G ¥ ‘ X
é:‘é i total RNA mtRNA
G=C Rt ’
o , PR o ; ctrl RNA
5G=CGC3 ‘ e M’Fw ‘

- s | mttRNAVE

§°
D E & GF48 GF54 GF95
RS
=~ Cond - | :
m HF RNA ' '
200~ n;
1603 ‘ ) % Import efficiency,
100- , 150 <5 75 10  fmoles RNA/0,1mg
el A i of mt protein, £ 5 fmoles
od ’ + I | (§\°
L (| A A ™
A e ; ! {2 e T \QQQ GF37 GF48 GF54 GF95
100+ “ \ 148
&

L | » OB |, HDRNA| @
e TR

I

120 160

Import efficiency,
60 15 105 fmoles RNA/0,1mg
of mt protein, + 5 fmoles

Figure 5. Import of small truncated RNAs into mitochondria. (A) In vivo import of the truncated HF (left panel) and HD (middle panel) RNAs in
mitochondria of the control cells and the cells overexpressing preKARS2. (B) In vivo import of HF and HD RNAs in the control cells and the cells with
downregulation of preKARS2. Hybridization probes are indicated on the right of the panels. Overexpression and downregulation of preKARS2 were
confirmed by Western blot as in Fig. 4A, C. The relative import efficiencies are shown on the right panels, £SD calculated from three independent
experiments. (C) Secondary structure (on the left) of the artificial control RNA, predicted by Mfold. The control RNA in vitro (middle panel, indications
are as in Fig. 3) and in vivo (right panel) import tests. (D) OD,g, absorption profile of HepG2 proteins separated by gel filtration on a Sephacryl G-200
column. (E) Import of HF RNA (upper panel) and HD RNA (lower panel) into isolated HepG2 mitochondria in the presence of proteins from the gel
filtration fractions indicated above the lanes. Input, 2-5% of RNA used for each assay. The RNA import efficiencies calculated by comparing with the

inputs, in fmoles of imported RNA per 0.1 mg of mitochondrial protein, are given below each lane. On each panel, a representative of at least three
independent experiments is shown, =SD indicated.
doi:10.1371/journal.pone.0066228.9005

PLOS ONE | www.plosone.org 8 June 2013 | Volume 8 | Issue 6 | 66228



paradigm of ‘extremely diversified” RNA import pathways and to
propose several rules which can be, if not universal, at least largely
applicable to various RNA import systems.

Firstly, to be imported into mitochondria, an RNA should
escape from the cytosolic channelling. According to this model, no
free diffusion of macromolecules inside the cell is normally possible
since all its components are well arranged in space and their
movements are strictly regularized (channelled). Channelling was
studied in detail on the example of tRNAs [37]. It was found that,
starting from the very transcription event, a tRNA molecule is
trapped in a standard sequence of events (processing, modification,
nuclear export, translation) assured by protein components that
function in a chain. They hand the tRNA from one to another
avoiding its release into solution (reviewed in [38]). To make an
RNA exit from the standard circuit, a well regulated deviation has
to be provided by a special mitochondrial targeting factor which
has a specific affinity to the cargo RNA. For example, in yeast
cells, tRK1 is probably captured from the translation cycle by the
glycolytic enzyme enolase and redirected to the mitochondrial
surface [10]. The same event apparently exists in the artificial
tRK1 import pathway in human cells, as we show here. In the case
of the 5S rRNA import, this function is performed by the cytosolic
precursor of mitochondrial ribosomal protein L18 (preMRP-118)
[31]. To assure the irreversible RNA withdrawing from the
cytosolic channelling, the protein factor should possess a chaper-
one activity to change the RNA conformation, as it has been
shown for tRK1 in the complex with yeast enolase [12] or for 5S
rRNA and preMRP-L18 [31].

The next step of the pathway is a rapid discharge of the
chaperone by another mitochondrial import factor. Examples of
such a cascade were described in the yeast import mechanism
where tRK1 is quickly transferred from enolase to the precursor of
lysyl-tRNA synthetase [10]. A very similar case was observed for
5S rRNA in human cells where the mitochondrial enzyme
rhodanese accepts 5S rRNA from preMRP-L18 [30]. For both
mechanisms, a significant decrease in the apparent dissociation
constant for the complex between the second protein factor and
the RNA was found. Then, the second import factor works as a
carrier transporting the RNA molecule into the mitochondria. The
mechanism of RNA translocation across the double mitochondrial
membranes is not yet understood. Most probably, it exploits the
standard mitochondrial pre-protein localisation apparatus, since
carriers usually have signals of mitochondrial localisation and it
appears the most obvious way to reach the organelles. Neverthe-
less, one can not exclude alternative translocation mechanisms via
different membrane channels [4,29,39].

Thus, for all RNA import systems in which the pre-mitochon-
drial (targeting) step of RNA import has been investigated, several
universally present features can be outlined. Namely, in order to
direct a cytosolic RNA to mitochondria one needs necessarily two
protein factors, the first with a chaperone activity to withdraw the
RNA from the cytosolic channeling, the second possessing the
signal of mitochondrial localisation to target the RNA into the
mitochondria. One of these proteins should be cognate, interacting
with the imported RNA in a specific way and thus determining the
selectivity of the RNA import (preLysRS for tRK1, preMRP-L18
for 5S rRNA). The other protein factor may be unrelated to RNA
metabolism and hardly expected to participate in RNA transport,
performing thereafter a “second job”, as enolase and rhodanese.
Concerning enolase, many non-glycolytic “moonlighting” func-
tions of this protein are known (reviewed in [40]). In E. colz, enolase
is an integral component of the RNA degradosome; in yeast, it was
identified as Hsp48 and participates in formation of vacuoles;
enolase is found in the eye lens of many organisms and as a
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plasminogen-binding receptor expressed on the surface of a variety
of eukaryotic cells. Thus, the tRNA import into mitochondria
seems to be one of many different functions of this enzyme. The
mitochondrial enzyme rhodanese is less studied, in fact, even its
function is still not clear. We can hypothesize that this protein may
also have multiple functions which can be switched by its cellular
re-localization.

The common rules described here can be applied in search for
RNA import pathways in various eukaryots. For instance, it
appears that in plant cells, precursors of dually targeted cognate
aminoacyl-tRNA synthetases combine both RNA targeting
functions and thus may be the only essential tRNA import factors
[36]. Probably, the same situation may be found in 7rypanosoma
brucer, where the cytosolic elongation factor eEFla assures the
specific targeting of almost all tRNAs to mitochondria [41].

Mitochondrial Import of Small RNA Molecules

The general rules of RNA import formulated above presume
certain flexibility of the pathway. Indeed, various RNA molecules
able to interact with import factors can be targeted into
mitochondria even in organisms naturally importing only a very
restricted number of RNA species, as we see here for the RNAs
FD-H and FD-L. On the other hand, various proteins might
perform the function of RNA import factors in certain conditions.
This possibility is clearly demonstrated in the present work since
the short truncated RNA molecules HD and HF, which have lost
the capacity to interact with preKARS2, apparently can be
targeted into human mitochondria with the help of other, still
unidentified protein(s). This hypothesis is also in agreement with a
recent publication claiming that preMSK1p may be dispensable
for the tRKI1 import into yeast mitochondria [21]. One can
suggest that in the yeast strain used in this study, lacking the MSK7
gene and thus devoid of actively respiring mitochondria, the small
amount of tRK1 detected in the pro-mitochondria could be
imported by a backup pathway with a help of alternative targeting
protein(s).

Recently, a subset of microRNAs, small non-coding RNAs that
associate with Argonaute proteins to regulate gene expression at
the post-transcriptional level, has been localized to human
mitochondria [42,43,44], as well as the AGO2 protein [45]. At
least a part of these miRNAs and their precursors were supposed
to be imported from the cytoplasm by an unknown mechanism. It
would be tempting to hypothesize that small structured RNA
molecules, such as HD and HF, might be recognized by the
machinery of the miRNA import and targeted to mitochondria by
AGO2 and/or another components of the RNA-inducible
silencing complex (RISC), which could thus perform the “second
job” as mitochondrial targeting factors, similarly to the enzymes
enolase or rhodanese. This exiting possibility remains to be
explored in future studies.

Materials and Methods

Plasmids and Antibodies

Plasmid pDEST17 expressing human mitochondrial lysyl-tRNA
synthetase (KARS2) was kindly provided by M. Sissler (IBMC,
Strasbourg). To produce the precursor of mitochondrial KARS2
(preKARS2) protein, the Quick change mutagenesis kit (Strata-
gene) was used to insert the mitochondrial targeting sequence at
the N-terminus of the mitochondrial KARS2 protein. A thrombin
cleavage site and a 6 x histidine tag at the N-terminus were deleted
and a 6x histidine tag was inserted at the C-terminus using the
same approach. For this, the following oligonucleotides were used:
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Mitochondrial Targeting Sequence Insertion
5'GCCACGCGGTTCTTTGACGCAAGCTGCTG-
TAAGGCTTGTTAGGGGGTCCCTGCG-
CAAAACCTCCTGGGCAG 3’
5'CTGCCCAGGAGGTTTTGCGCAGGGACCCCCTAA-
CAAGCCTTACAGCAGCTTGCGTCAAA-
GAACCGCGTGGC 3’

Thrombin Cleavage Site and 6 x His Tag Deletion

5' CTTTAAGAAGGAGATATACATATGTTGACG-
CAAGCTGCTGTAAGGS’

5' CCTTACAGCAGCTTGCGTCAACATATGTA-
TATCTCCTTCTTAAAG 3’

His Tag Insertion at the C-terminus of preKARS2

5" CAACAGTTGGCAGTTCTGTCCACCATCACCAT-
CACCATTGAGACCCAGCTTTCTTGTAC 3’

5" GTACAAGAAAGCTGGGTCTCAATGGTGATGGT-
GATGGTGGACAGAACTGCCAACTGTTG 3’

pTRE2hyg plasmid expressing preKARS2 and antibodies
directed against the residues 25 to 42 of the preKARS2 protein
described in [25] were kindly provided by Marc Mirande (Gif-sur-
Yvette, France). Polyclonal antibodies against human actin were
from Santa Cruz Biotechnology.

Purification of the Recombinant preKARS2 Protein

To obtain the recombinant KARS2 and preKARS2 proteins,
Escherichia coli strain BL21 codon plus (DE3)-RIL cells (Stratagene)
were transformed with the pDEST17 plasmid. The transformed
cells were grown in 500 ml of LB medium to a cell density
corresponding to ODggp=0.6, then the protein expression was
induced for 2 h at 37°C by addition of 0.5 mM isopropyl B-D-1-
thiogalactopyranoside (IPTG) to the bacterial culture. The cells
were harvested by centrifugation at 6000 g for 10 min, lysed with
1 mg/ml of lysozyme on ice for 30 min and then sonicated thrice
for 20 sec in the buffer consisting of 50 mM NaHyPO,4, 300 mM
NaCl and 20 mM imidazole. The cell lysate was centrifuged at
10,000 g for 15 min and the pellet was solubilized in the
denaturing buffer consisting of 100 mM Tris-HC1 (pH 8),
100 mM NaH,PO,, 10 mM imidazole and 8 M urea. This was
followed by centrifugation at 12000 g for 15 min and the
supernatant was applied to a Ni-NTA column (Qiagen) for 2 h
at 4°C. After binding, the column was washed three times with the
denaturing buffer containing 20 mM imidazole to eliminate
weakly bound bacterial proteins. The recombinant preKARS2
protein was eluted from the column with 200 mM imidazole,
refolded by stepwise elimination of urea and finally dialyzed
against 50 mM Tris-HCI (pH 8), 300 mM NaCl and 40% glycerol
and stored at —20°C. The purity of the protein was checked by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) with Coomassie blue staining.

The recombinant yeast enolase Eno2p was isolated as described
previously [10]. Enolase from rabbit muscles was from Sigma-
Aldrich.

Recombinant RNA modeling. To predict secondary struc-
tures of recombinant RNA molecules and estimate their free
energies (dG), the Mfold program [46,47] and IDT Sci-Tools
OligoAnalyser 3.1 software [48] were used.

RNA synthesis and purification. The yeast (RK1 T7-
transcript was obtained as described [32]. For small artificial
RNAs, PCR amplification of the following oligonucleotides
containing a T7 promoter at the 5'-end (underlined) was
performed:
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FD-L TAATACGACTCACTATAGCGCAATCGG-
TAGCGCCTCTTTACAGTGCTTAGTTCTCGAGCCCCC-
TACAGGGCTCTT

FD-H TAATACGACTCACTATAGCGCAATCGG-
TAGCGCAGTAAGCACTGTAAATGAGCCCCCTA-
CAGGGCTCTT

HD: TAATACGACTCACTATAGCGCAATCGG-
TAGCGCCTCTTTACAGTGCTTAGTTCTC

HF: TAATACGACTCACTATAGGTCTTTACAGTGCT-
TACTTCTCGAGCCCCCTACAGGGCTCCA

RNA transcripts were obtained i vitro using the Ribomax kit
(Promega). Following transcription, the DNA template was
removed by digestion with RQ1 RNase-Free DNase (Promega).
RNAs were purified by 12% PAGE with 8 M urea and eluted
from the gel with the RNA extraction buffer containing 0.5 M
CH3COONH,, 10 mM Mg(CH3COO)y, 0.1 mM EDTA and
0.1% SDS. The eluted RNA was precipitated with ethanol.

Electrophoretic mobility shift assay (EMSA). Purified
RNA was dephosphorylated with alkaline phosphatase (Boehrin-
ger Mannheim) and labeled at the 5'-end with y-*P-ATP using
T4 polynucleotide kinase (Promega). The labeled RINA was
denatured at 100°C and then slowly cooled down to the room
temperature. For RNA binding assays, the appropriate amount of
protein and labeled RNA were mixed in 20 ul of the buffer
containing 20 mM Tris-HCI pH 7.5, 150 mM NaCl, 10 mM
MgCly,, 5 mM DTT, 10% glycerol, 0.1 mg/ml BSA and
incubated at 30°C for 15 min. The mixture was separated by
native 8% PAGE in 0.5xTris-borate buffer (pH 8.3) and 5%
glycerol [49], followed by Typhoon-Trio (GE Healthcare)
scanning and quantification as described in [50].

North-Western blot hybridisation. Recombinant pre-
KARS2 was loaded on 10% SDS-PAAG and blotted to
nitocellulose membrane. The membrane was incubated in 0,1 M
Tris-HCI, 20 mM KCl, 2,5 mM MgCly, 0,1% Nonidet P40,
pH7.5, at 4°C for 1 h with stirring, then washed several times with
the same solution and blocked in 10 mM Tris-HCL pH7.5, 5 mM
Mg(CH3;COOQ),, 2 mM dithiothreitol, 2% BSA, 0,01% Triton X-
100 for 5 min at 25°C. Then, the membrane was incubated for
2 h at 4°C in the import buffer without sorbitol, containing 1 nM
[*?P]-labelled RNA, as in [10], washed with the same buffer
without RNA and analysed by Typhoon-Trio (GE Healthcare)
scanning and quantification.

In vitro import assay. Mitochondria were isolated and
verified for intactness as described [22]. The standard @ vitro
import assay into isolated mitochondria was performed as in [19].
For this, purified HepG2 mitochondria were incubated with
radioactively labeled RNA and purified proteins in the import
buffer: 0.6 M sorbitol, 20 mM HEPES-KOH (pH 7), 10 mM
KCL, 2.5 mM MgCl,, 5mM DDT and 2 mM ATP. For a
standard @ vitro assay, we add 3 pmoles of labelled RNA per
0.1 ml of the reaction mixture containing 0.1 mg of mitochondria
(measured by the amount of mitochondrial protein). This
corresponds to the 100% RNA input. After incubation for
15 min at 34°C, 50 pg/ml of RNase A (Sigma) was added and
the reaction was incubated for additional 15 min to digest all
unimported RNA. The mitochondria were washed three times
with the buffer containing 0.6 M sorbitol, 10 mM HEPES-KOH
(pH 6.7) and 4 mM EDTA, then resuspended in 100 ul of the
same buffer and treated with an equal volume of 0.2% digitonin
(Sigma) solution to disrupt the mitochondrial outer membrane,
followed by purification of mitoplasts. The mitoplast pellet was
resuspended in the solution containing 100 mM CH3;COONa,
10 mM MgCl,, 1% SDS and 0.05% diethylpyrocarbonate
(DEPC), boiled for 1 min and RNA was extracted at 50°C
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with water-saturated phenol. RNA was precipitated with
ethanol and separated by 12% PAGE containing 8 M urea,
followed by quantification with the Typhoon-Trio scanner using
the Image Quant-Tools software (GE Healthcare). The amount of
the imported RNA was determined by comparison of the band
density of the protected full-sized RINA isolated from the
mitoplasts after the import assay with an aliquot (2-5%) of the
RNA input.

Human Cell Culture, Overexpression and Downregulation
of preKARS2

HeLa Tet-Off cells stably expressing the tetracycline-controlled
transactivator (tI'A) were purchased from Clontech Laboratories
Inc. The HepG2 and HeLa Tet-Off cells were maintained in the
Dulbecco modified Eagle’s medium (DMEM, Invitrogen) with
high glucose (4.5 g/1) supplemented with 10% fetal calf serum,
100 pg/ml of streptomycin and 100 pg/ml of penicillin (Gibco).
For induction of protein expression in Hela Tet-Off cells, the Tet
system approved fetal bovine serum from Clontech was used. The
cells were cultivated in a humidified atmosphere at 37°C and 5%
of COy,

For overexpression of preKARS2, HeLa Tet-Off cells were
grown to the 60% confluency and transfected with the pTRE2hyg
plasmid expressing preKARS2 [25] using Lipofectamin 2000
(Sigma) according to the manufacturer’s protocol. At the same
time, the cells were transiently transfected with mitochondrially
importable RNAs. After 48 h, the cells were analysed for the
preKARS?2 overexpression by Western blotting and for the RNA
import by Northern hybridization.

To downregulate preKARS2, two 21-mer siRNAs correspond-
ing to the mitochondrial targeting sequence of the human
preKARS2 mRNA were synthesized. The sequences of the sense
strands of these siRNAs are as follows: siRNAIL:5'
CAACTTGCTCCTTTCACAGCG 3’ and siRNA2:5" AAGGA-
CAAGTCATTTTCTGAT 3'. As a negative control, a non-
silencing siRNA (Ref: SR-CL000-005, Eurogentec) was used. Our
optimized protocol consisted of two subsequent transfections:
firstly, HepG2 cells were transfected in suspension with 40 nM of
each siRNA using the RNAiMax transfection reagent (Invitrogen),
according to the manufacturer’s protocol. 24 h later, the cells
formed a monolayer and were transfected again with 40 nM of
each siRNA using Lipofectamine 2000 (Invitrogen). The cells were
grown for 40 h after the second siRNA transfection and then
transfected with one of mitochondrially importable RNAs. In 3
days after the second siRNA transfection, the downregulation was
analysed by Western blotting, and the RNA import by Northern
hybridization.

RNA Import Assay in vivo

For transfection of HepG2 and Hela Tet-Off cells, 3 ug of
RNA per 75 cm? flask were used. Transfection was performed
with the Lipofectamine 2000 reagent (Invitrogen), according to the
manufacturer’s protocol. After 48 h, the cells were detached,
mitochondria were isolated and purified as described above. The
total and mitochondrial RNA were isolated with the TRIzol
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reagent (Invitrogen), separated by 12% PAGE containing 8 M
urea and analysed by Northern blot hybridization with 5'-32p.
labelled oligonucleotide probes:

anti-tRK1 (1-34): GAGTCATACGCGCTACC-
GATTGCGCCAACAAGGC to detect tRK1, FD-L, FD-H and
HD RNA;

anti-HF RNA probe: TGGAGCCCTGTAGGG;

anti-mt tRNAY*' probe: GTTGAAATCTCCTAAGTG

and anti-cyt 5.8S rRNA probe: AAGTGACGCTCAGA-
CAGGCA.

After quantification with the Typhoon-Trio scanner, the
relative efficiency of the RNA import into mitochondria was
calculated as a ratio between the signal obtained with the anti-
tRK1 probe and that obtained with the probe against the host
mitochondrial tRNAY™, as described previously [24]. Because it is
rather difficult to normalize exactly the amount of mitoplasts
isolated from various cell lines, we load on the gel the
mitochondrial RNA isolated from the same number of cells, and
then use the hybridization signals corresponding to the mitochon-
drial tRNAY™ as a loading control. Thus, we take into account not
the absolute intensity of hybridization signals but the ratios
between the signals corresponding to the imported into mito-
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tRNA’s gene transcript. To calculate the absolute import
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Immunoblotting

For Western immunodecoration, cells were lysed in the
Laemmli buffer (50 mM Tris-HCl, pH 6.8, 2% SDS, 0.1% pB-
mercaptoethanol, 0.01% bromophenol blue and 10% glycerol) for
10 min at 90°C, and 30 pg of protein was separated by 10% SDS-
PAGE. The proteins were electroblotted onto a nitrocellulose
membrane and probed with a primary polyclonal antibody against
preKARS2 and a commercially available polyclonal antibody
against actin (G2308, Santa Cruz Biotechnology). Bands were
visualized with anti-rabbit or anti-goat secondary antibodies
conjugated with horseradish peroxidase using the ECL Plus
Western Blotting detection reagent (GE Healthcare).

Acknowledgments

The authors are grateful to M. Mirande (Gif-sur-Yvette, France) and M.
Sissler (Strasbourg, France) for the generous gift of plasmids and
antibodies, to M. Vysokikh (Strasbourg) for mitochondria integrity
measurements and to C. Comte (Strasbourg) for the design of truncated
RNAs.

Author Contributions

Conceived and designed the experiments: IT NE. Performed the
experiments: AG AS NE. Analyzed the data: AG AS IT NE. Wrote the
paper: AG AS I'T NE.

4. Salinas T, Duchene AM, Marechal-Drouard L (2008) Recent advances in tRNA
mitochondrial import. Trends Biochem Sci 33: 320-329.

5. Schneider A (2011) Mitochondrial tRNA import and its consequences for
mitochondrial translation. Annu Rev Biochem 80: 1033-1053.

6. Martin R, Schneller JM, Stahl A, Dirheimer G (1979) Import of nuclear
deoxyribonucleic acid coded lysine-accepting transfer ribonucleic acid (antico-
don C-U-U) into yeast mitochondria. Biochemistry 18: 4600-4605.

June 2013 | Volume 8 | Issue 6 | 66228



23.

24.

. Kamenski P, Kolesnikova O, Jubenot V, Entelis N, Krasheninnikov IA, et al.

(2007) Evidence for an Adaptation Mechanism of Mitochondrial Translation via
tRNA Import from the Cytosol. Mol Cell 26: 625-637.

. Tarassov I, Entelis N, Martin R (1995) Mitochondrial import of a cytoplasmic

lysine-tRNA in yeast is mediated by cooperation of cytoplasmic and
mitochondrial lysyl-tRNA synthetases. EMBO J 14: 3461-3471.

. Kamenski P, Smirnova E, Kolesnikova O, Krasheninnikov IA, Martin RP, et al.

(2010) tRNA mitochondrial import in yeast: Mapping of the import
determinants in the carrier protein, the precursor of mitochondrial lysyl-tRNA
synthetase. Mitochondrion 10: 284-293.

. Entelis N, Brandina I, Kamenski P, Krasheninnikov IA, Martin RP, et al. (2006)

A glycolytic enzyme, enolase, is recruited as a cofactor of tRNA targeting toward
mitochondria in Saccharomyces cerevisiae. Genes Dev 20: 1609-1620.

. Brandina I, Graham J, Lemaitre-Guillier C, Entelis N, Krasheninnikov I, et al.

(2006) Enolase takes part in a macromolecular complex associated to
mitochondria in yeast. Biochim Biophys Acta 1757: 1217-1228.

. Kolesnikova O, Kazakova H, Comte C, Steinberg S, Kamenski P, et al. (2010)

Selection of RNA aptamers imported into yeast and human mitochondria. RNA
16: 926-941.

. Tarassov I, Entelis N, Martin RP (1995) An intact protein translocating

machinery is required for mitochondrial import of a yeast cytoplasmic tRNA.
J Mol Biol 245: 315-323.

. Kolesnikova OA, Entelis NS, Jacquin-Becker C, Goltzene F, Chrzanowska-

Lightowlers ZM, et al. (2004) Nuclear DNA-encoded tRNAs targeted into
mitochondria can rescue a mitochondrial DNA mutation associated with the
MERRF syndrome in cultured human cells. Hum Mol Genet 13: 2519-2534.

. Karicheva OZ, Kolesnikova OA, Schirtz T, Vysokikh MY, Mager-Heckel AM,

et al. (2011) Correction of the consequences of mitochondrial 3243A>G
mutation in the MT-TLI gene causing the MELAS syndrome by tRNA import
into mitochondria. Nucleic Acids Res 39: 8173-8186.

. Wang G, Shimada E, Zhang J, Hong JS, Smith GM, et al. (2012) Correcting

human mitochondrial mutations with targeted RNA import. Proc Natl Acad
Sci U S A 109: 4840-4845.

. Comte C, Tonin Y, Heckel-Mager AM, Boucheham A, Smirnov A, et al. (2012)

Mitochondrial targeting of recombinant RNAs modulates the level of a
heteroplasmic mutation in human mitochondrial DNA associated with Kearns
Sayre Syndrome. Nucleic Acids Res.

. Kolesnikova OA, Entelis NS, Mircau H, Fox TD, Martin RP, et al. (2000)

Suppression of mutations in mitochondrial DNA by tRNAs imported from the
cytoplasm. Science 289: 1931-1933.

. Entelis NS, Kolesnikova OA, Dogan S, Martin RP, Tarassov IA (2001) 5 S

rRNA and tRNA Import into Human Mitochondria. Comparison of in vitro
requirements. J Biol Chem 276: 45642-45653.

. Tolkunova E, Park H, Xia J, King MP, Davidson E (2000) The human lysyl-

tRNA synthetase gene encodes both the cytoplasmic and mitochondrial enzymes
by means of an unusual alternative splicing of the primary transcript [In Process
Citation]. J Biol Chem 275: 35063-35069.

Sepuri NB, Gorla M, King MP (2012) Mitochondrial Lysyl-tRNA Synthetase
Independent Import of tRNA Lysine into Yeast Mitochondria. PLoS One 7:
e35321.

. Entelis N, Kolesnikova O, Kazakova H, Brandina I, Kamenski P, et al. (2002)

Import of nuclear encoded RNAs into yeast and human mitochondria:
experimental approaches and possible biomedical applications. Genet Eng (N
Y) 24: 191-213.

Entelis NS, Krasheninnikov IA, Martin RP, Tarassov IA (1996) Mitochondrial
import of a yeast cytoplasmic tRNA (Lys): possible roles of aminoacylation and
modified nucleosides in subcellular partitioning. FEBS Lett 384: 38-42.
Smirnov A, Tarassov I, Mager-Heckel AM, Letzelter M, Martin RP, et al.
(2008) Two distinct structural elements of 5S rRNA are needed for its import
into human mitochondria. RNA 14: 749-759.

. Kaminska M, Shalak V, Francin M, Mirande M (2007) Viral hijacking of

mitochondrial lysyl-tRNA synthetase. J Virol 81: 68-73.

. Mercer TR, Neph S, Dinger ME, Crawford J, Smith MA, et al. (2011) The

human mitochondrial transcriptome. Cell 146: 645-658.

. Rubio MA, Rinehart JJ, Krett B, Duvezin-Caubet S, Reichert AS, et al. (2008)

Mammalian mitochondria have the innate ability to import tRNAs by a

PLOS ONE | www.plosone.org

12

30.

31.

32.

33.

34.

38.

39.

40.

41.

42.

43.

44.

46.

47.

48.

49.

50.

tRNA Import into Human Mitochondria

mechanism distinct from protein import. Proc Natl Acad Sci U S A 105: 9186
9191.

. Puranam RS, Attardi G (2001) The RNase P associated with HeLa cell

mitochondria contains an essential RNA component identical in sequence to
that of the nuclear RNase P. Mol Cell Biol 21: 548-561.

. Wang G, Chen HW, Oktay Y, Zhang J, Allen EL, et al. (2010) PNPASE

Regulates RNA Import into Mitochondria. Cell 142: 456-467.

Smirnov A, Comte C, Mager-Heckel AM, Addis V, Krasheninnikov IA, et al.
(2010) Mitochondrial enzyme rhodanese is essential for 5 S ribosomal RNA
import into human mitochondria. J Biol Chem 285: 30792-30803.

Smirnov A, Entelis N, Martin RP, Tarassov I (2011) Biological significance of 5S
rRNA import into human mitochondria: role of ribosomal protein MRP-L18.
Genes Dev 25: 1289-1305.

Entelis NS, Kieffer S, Kolesnikova OA, Martin RP, Tarassov IA (1998)
Structural requirements of tRNALys for its import into yeast mitochondria. Proc
Natl Acad Sci U S A 95: 2838-2843.

Antonellis A, Green ED (2008) The role of aminoacyl-tRNA synthetases in
genetic diseases. Annu Rev Genomics Hum Genet 9: 87-107.

Dias J, Octobre G, Kobbi L, Comisso M, Flisiak S, et al. (2012) Activation of
human mitochondrial lysyl-tRNA synthetase upon maturation of its premito-
chondrial precursor. Biochemistry 51: 909-916.

. Diaz-Lazcoz Y, Aude JC, Nitschke P, Chiapello H, Landes-Devauchelle C, et al.

(1998) Evolution of genes, evolution of species: the case of aminoacyl-tRNA
synthetases. Mol Biol Evol 15: 1548-1561.

. Duchene AM, Pujol C, Marechal-Drouard L (2008) Import of tRNAs and

aminoacyl-tRNA synthetases into mitochondria. Curr Genet.

. Negrutskii BS, Deutscher MP (1991) Channeling of aminoacyl-tRNA for protein

synthesis in vivo. Proc Natl Acad Sci U S A 88: 4991-4995.

Belostotsky R, Frishberg Y, Entelis N (2012) Human mitochondrial tRNA
quality control in health and disease: a channelling mechanism? RNA Biol 9:
33-39.

Salinas T, Duchene AM, Delage L, Nilsson S, Glaser E, et al. (2006) The
voltage-dependent anion channel, a major component of the tRNA import
machinery in plant mitochondria. Proc Natl Acad Sci U S A 103: 18362-18367.
Pancholi V (2001) Multifunctional alpha-enolase: its role in diseases. Cell Mol
Life Sci 58: 902-920.

Bouzaidi-Tiali N, Aeby E, Charriere F, Pusnik M, Schneider A (2007)
Elongation factor la mediates the specificity of mitochondrial tRNA import in
T. brucei. Embo J 26: 4302-4312.

Barrey E, Saint-Auret G, Bonnamy B, Damas D, Boyer O, et al. (2011) Pre-
microRNA and mature microRNA in human mitochondria. PLoS One 6:
€20220.

Das S, Ferlito M, Kent OA, Fox-Talbot K, Wang R, et al. (2012) Nuclear
miRNA regulates the mitochondrial genome in the heart. Circ Res 110: 1596
1603.

Sripada L, Tomar D, Prajapati P, Singh R, Singh AK, et al. (2012) Systematic
analysis of small RNAs associated with human mitochondria by deep
sequencing: detailed analysis of mitochondrial associated miRNA. PLoS One
7: e44873.

. Bandiera S, Ruberg S, Girard M, Cagnard N, Hanein S, et al. (2011) Nuclear

outsourcing of RNA interference components to human mitochondria. PLoS
One 6: ¢20746.

Markham NR, Zuker M (2005) DINAMelt web server for nucleic acid melting
prediction. Nucleic Acids Res 33: W577-581.

Markham NR, Zuker M (2008) UNAFold: software for nucleic acid folding and
hybridization. Methods Mol Biol 453: 3-31.

Sugimoto N, Nakano S, Katoh M, Matsumura A, Nakamuta H, et al. (1995)
Thermodynamic parameters to predict stability of RNA/DNA hybrid duplexes.
Biochemistry 34: 11211-11216.

Kaminska M, Deniziak M, Kerjan P, Barciszewski J, Mirande M (2000) A
recurrent general RNA binding domain appended to plant methionyl-tRNA
synthetase acts as a cis-acting cofactor for aminoacylation. Embo J 19: 6908—
6917.

Francin M, Kaminska M, Kerjan P, Mirande M (2002) The N-terminal domain
of mammalian Lysyl-tRNA synthetase is a functional tRNA-binding domain.
J Biol Chem 277: 1762-1769.

June 2013 | Volume 8 | Issue 6 | 66228



