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ABSTRACT

In the yeast Saccharomyces cerevisiae, nuclear DNA-encoded tRNAEYljU is partially imported into mitochondria. We previously
found that the synthetic transcripts of yeast tRNA"™® and a number of their mutant versions could be specifically internalized by
isolated yeast and human mitochondria. The mitochondrial targeting of tRNA" in yeast was shown to depend on the cytosolic
precursor of mitochondrial lysyl-tRNA synthetase and the glycolytic enzyme enolase. Here we applied the approach of in vitro
selection (SELEX) to broaden the spectrum of importable tRNA-derived molecules. We found that RNAs selected for their im-
port into isolated yeast mitochondria have lost the potential to acquire a classical tRNA-shape. Analysis of conformational
rearrangements in the importable RNAs by in-gel fluorescence resonance energy transfer (FRET) approach permitted us to
suggest that protein factor binding and subsequent import require formation of an alternative structure, different from a classic
L-form tRNA model. We show that in the complex with targeting protein factor, enolase 2, tRK1 adopts a particular conformation
characterized by bringing together the 3’-end and the TWC loop. This is a first evidence for implication of RNA secondary
structure rearrangement in the mechanism of mitochondrial import selectivity. Based on these data, a set of small RNA molecules
with significantly improved efficiency of import into yeast and human mitochondria was constructed, opening the possibility of
creating a new mitochondrial vector system able to target therapeutic oligoribonucleotides into deficient human mitochondria.
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INTRODUCTION 2007). Import of two other cytosolic tRNAs, tRNASH. and
tRNASISG, proposed to be essential for decoding of CAG
glutamine codon (Rinehart et al. 2005), however, was not
detected in yeast mitochondria in a more recent study
(Frechin et al. 2009). It has long been believed that human
mitochondria do not import tRNAs; however, import of
nucleus-encoded tRNA“™ in human and rat mitochondria
was recently reported (Rubio et al. 2008). Previously we
demonstrated that human mitochondria are able to import
yeast tRK1 (Kolesnikova et al. 2000), and this artificially
established import was successfully used for a partial rescue
of the dysfunctions associated with MERRF mutation in
the mtDNA (Kolesnikova et al. 2004).

The molecular mechanism of tRK1 mitochondrial tar-
geting in yeast involves an interaction with protein factors
that enables the RNA to escape the cytosolic protein
synthesis cycle. We have previously shown that a part of

Mitochondrial import of nuclear DNA-encoded tRNAs is
a widespread phenomenon. It was characterized in a variety
of species, and apparently unrelated molecular mechanisms
have been discovered for protozoa, higher plants, and yeast
(for review, see Tarassov et al. 2007; Salinas et al. 2008;
Duchene et al. 2009). In the yeast Saccharomyces cerevisiae,
cytosolic tRNAéYSU (hereafter referred to as tRK1) is
partially targeted into mitochondria (Martin et al. 1977).
This process was shown to be essential for mitochondrial
protein synthesis at elevated temperatures, when the
mitochondrially encoded tRNA{}Y:UU becomes undermodi-
fied at the wobble position of the anticodon and thus can
no longer recognize the lysine codon AAG (Kamenski et al.
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aminoacylated cytosolic tRNA?GU can be specifically rec-
ognized by one of the two isoforms of the glycolytic enzyme
enolase, Eno2p (Entelis et al. 2006). This tRNA-enolase
complex then transits to the mitochondrial surface, where
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enolase can be incorporated into a glycolytic multiprotein
complex (Brandina et al. 2006), whereas tRK1 is taken up
by the precursor of mitochondrial lysyl-tRNA synthetase,
preMSK1p, which serves as the carrier for tRK1 transloca-
tion into the mitochondrial matrix (Tarassov et al. 1995).
In this interplay between two proteins, enolase was hypoth-
esized to function as an RNA chaperone, increasing the af-
finity of tRK1 for preMSK1p (Entelis et al. 2006); however,
the details of this mechanism remained unclear.

Interaction of imported tRNA with protein factors is a
key moment for the selectivity of the mitochondrial import.
The molecular mechanism of discrimination between im-
ported tRK1 and all the other cytosolic tRNAs was still un-
known. Using mutagenesis followed by in vitro and in vivo
import assays, we have previously found that not only is
tRK1 imported into yeast mitochondria, but also several of
its mutant versions, mutants of the second cytosolic lysine
isoacceptor tRNA, normally nonimported tRNAILJy:UU (tRK2),
and even a synthetic transcript of the mitochondrially localized
tRNAY, (tRK3) (Entelis et al. 1996, 1998; Kolesnikova
et al. 2002). Systematic analysis of the sequences of imported
versions permitted us to discern the determinants (the first
base pair G1-C72 and U73 in the acceptor stem and C34 in the
anticodon) and an anti-determinant (modified U34) that
controls mitochondrial import specificity (Fig. 1A). However,
these determinants can be considered as context-dependent.
For example, insertion of a base C in the wobble position of
the normally nonimported tRK2 leads to its import, which
means that this position may be a part of the import signature.
On the other hand, substitution of C34 in tRK1 by U34 (as in
tRK2) does not affect the import, only replacement of all the
anticodon arm of tRK1 by that of tRK2 results in such an
inhibition (Entelis et al. 1998). Furthermore, it was shown that
replacement of bases in the middle of the AA-stem blocks
preMSK1p binding and the import of tRK1 but does not lead
to import of tRK2 (Kazakova et al. 1999). These results raised
the question, to what extent may the import machinery be
flexible, and is it possible to discern the import signature, in
terms of sequence motif(s) or structural elements? Here we ad-
dress this question by using the approach of in vitro selection
(systematic evolution of ligands by exponential [SELEX]
enrichment) (Tuerk and Gold 1990). Based on these data, a
set of small RNA molecules with significantly improved ef-
ficiency of import into yeast and human mitochondria was
constructed, opening the possibility of creating a new mito-
chondrial vector system able to target therapeutic oligoribo-
nucleotides into deficient human mitochondria.

Analysis of all importable RNAs obtained in selection
experiments allows us to suggest that at least one of the
tRNA mitochondrial import determinants consists in the
possibility of forming an alternative structure, different
from a classic L-form tRNA model. To prove the real ex-
istence of such a conformational rearrangement, we used
the in-gel fluorescence resonance energy transfer (FRET)
approach (Radman-Livaja et al. 2005). We show that in the

complex with the targeting protein factor enolase, tRK1
adopts a particular conformation characterized by bringing
together nucleotides C56 and A75. This is a first evidence
for implication of RNA secondary structure rearrangement
in the mechanism of mitochondrial import selectivity.

RESULTS

Strategy for RNA selection from libraries
of randomized RNAs

The initial RNA library was generated by T7 transcription on
a 73-mer oligonucleotide corresponding to yeast tRNA(Ljy[sJU
(tRK1) that contained 14 random nucleotides in positions that
differ between imported tRK1 and nonimported '[RNA[LJY*SUU
(tRK2); the three anticodon nucleotides were also randomized
(Fig. 1A; Table 1). The resulting library therefore contained
2.7 X 10® possible sequences. This library was subjected to
selection assays using two strategies (Fig. 1B,C).

The first one was to select RNAs by several rounds of
import into isolated yeast mitochondria followed by RT-
PCR amplification of RNA purified from RNase-treated
mitochondria (selection for import [SI]) (Fig. 1B). Thus,
we selected RNAs capable of entering into the mitochon-
dria and remaining stable there for at least 1 h.

The second strategy was to select RNAs for preMSK1p-
binding ability prior to the mitochondrial import in each
round of amplification (selection for import and preMSK1p
affinity [SIM]) (Fig. 1C). The specificity of RNA binding
to immobilized preMSKp was verified by comparison of
aminoacylated tRK1 binding versus tRK2 (Fig. 1D). Our
previous results indicated that aminoacylation of tRK1 is
a prerequisite to allow interaction with preMSKlp; how-
ever, some mutant forms of the tRK1 acquired preMSK1p-
binding capacities in their deacylated form (Entelis et al.
1998). Our randomized RNA library (S0) was shown to
have the same low pre-MSK-binding capacity either with or
without pre-aminoacylation by yeast cytoplasmic LysRS
(KRS1p). Therefore, we made the further selection exper-
iments without aminoacylation of RNA libraries prior to
preMSK1p binding, thus selecting the RNAs able to bind
preMSKl1p in their deacylated form.

Characterization of different pools of selected RNAs

After each cycle of selection, an aliquot of every RNA pool
was analyzed for preMSKlp binding and import capacity
(Fig. 1D,E). The initial RNA library (pool SO) was charac-
terized by a very low level of import. In the RNA pools of the
SI series, we observed an increase of import capacity. Already
at cycle 5, the import efficiency was similar to that of tRK1,
while the average import efficiency of the RNA pool after the
eighth cycle was 2.5 times higher than that of tRK1. Thus, the
enhancement of import from SO to SI8 RNA pools was about
30-fold. PreMSK1p-binding capacities of all SI libraries were
rather low, as expected in the absence of selective pressure.
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FIGURE 1. (A) Cloverleaf structures of yeast lysine tRNAs, partially imported into mitochondria tRK1 and nonimported tRK2. The import
determinants identified previously are indicated by arrows on the tRK2 structure. The tRK1 regions determined by oligonucleotides used for RT-
PCR are shown by bold lines, residues that have been randomized for SELEX experiment are circled, and regions conserved in all the selected RNA
aptamers are indicated by thin lines. Selected substitutions in the D-arm of tRK1 are shown by arrows. (B,C) Strategy for in organello RNA selection.
Scheme of randomized RNA library selection (B) for import into isolated yeast mitochondria and (C) for both affinity to preMSKlp and
mitochondrial import. (D,E) Characterization of RNA pools resulting from different rounds of selection: (D) preMSK1p-binding capacity; (E)
efficiency of mitochondrial import, in percent relative to tRK1. (S0) Initial RNA library; (SI2-SI8) RNA pools after two to eight rounds of selection
for the import into mitochondria; (SIM2-SIM7) RNA pools after two to seven rounds of selection for preMSK1p binding and mitochondrial import.

RNAs marked by * were aminoacylated prior to the test. All experiments were performed at least twice in an independent way; standard deviations
values are indicated.
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In the SIM series, the efficiency of import increased only
slightly from the second to the fifth cycle. We therefore
changed the conditions of RNA selection to make them
more stringent by decreasing the concentration of mito-
chondria in the import mixture and, indeed, obtained
a 2.3-fold increase of import efficiency in comparison with
tRK1 at the seventh cycle. As opposed to the SI series, the SIM
one was characterized by a gradual increase of preMSKIp-
binding ability to reach the affinity comparable to that of
tRK1 already at the fifth round of selection (Fig. 1D).

Analysis of individual aptamers

Resulting RT-PCR amplified pools after the eighth round of
selection in the SI series (named SI-8) and after the seventh
round in the SIM series (SIM-7) have been cloned, and
25-35 plasmids from each library were sequenced. All the
sequences of selected RNAs were thoroughly analyzed for the
presence of characteristic motifs and highly conserved
nucleotides. Surprisingly, most of the RNA aptamers con-
tained large deletions and rearrangements compared with
the tRK1 molecule. We obtained a set of molecules contain-
ing the aminoacceptor (AA) stem of tRK1 determined by
oligonucleotides used for RT-PCR, conserved regions cor-
responding to D-loops and T-loops, and variable sequences
in the middle part of the molecule (Fig. 1A; Table 1).
Examples of selected RNAs from the SI-8 pool (selection
for mitochondrial import only) shown in Table 1 represent
the most frequently found sequences—SI-8-56 corresponds
to 40% of all the aptamers, and SI-8-19 and SI-8-61 to 10%
of each one. Statistical analysis of randomized nucleotides
in the D-stem—loop region revealed the selected substitu-
tions of several bases (Fig. 1A; Table 2): A15 (in tRK1) to
G (as in tRK2); C17 (in tRK1) to GG/CG (U in tRK2);
and C23 (in tRK1) to A (as in tRK2). The last substitution
should severely disturb the D-stem stability. The sequence

of the next 21 bases that should correspond to the anti-
codon arm-—variable loop region of tRNA was the same in
65% of the aptamers of SI series, however, being quite
deviant from the tRK1 sequence (Table 1).

We have not found any conservation in the anticodon
region. This is in agreement with our results obtained by
directed mutagenesis, suggesting that substitutions in the
anticodon bases may modulate the import efficiency but do
not abolish it (Kolesnikova et al. 2002). The sequence of the
T-loop of tRK1 was conserved in all the aptamers, but the
stretch of Gs that made the 5'-strand of the T-stem in tRK1
was deleted, thus making the formation of the normal T-stem
impossible. Interestingly, another stretch of Gs has appeared in
a different part of the sequence, namely, in the middle of the
D-loop, due to a change of C17 to CG/CGG/GG (Tables 1, 2).

The aptamers selected for import and pre-MSK-binding
capacities (pool SIM-7) were all different, characterized by
smaller lengths (57-65 nucleotides [nt]) and the presence
of AC-rich stretches in the middle part of the molecule,
replacing the anticodon—V-loop region of tRK1. Nucleotide
substitutions in the D-loop region were partially different
from those found in the SI pool: A15 has turned to C, and
C17 to G/A (Tables 1, 2).

Several versions of the SI and SIM selection series were
tested for mitochondrial import into isolated yeast mito-
chondria (Table 1). All of them were shown to have very
high import efficiencies (three to five times higher than
that of tRK1), thus validating our selection strategies and
demonstrating the possibility of mitochondrial import for
RNAs that have little in common with tRK1 structure.

Structural features of selected RNAs

Secondary structure predictions indicate that all the RNAs
selected for mitochondrial targeting are quite deviant from
the standard tRNA cloverleaf model.

TABLE 2. The frequency of bases in randomized positions of the D-arm region of RNA aptamers issued from the third (SI-3, SIM-3) and the

final (SI-8, SIM-7) cycles of in vitro selection

Nucleotide
position RNA pool G A T C GG/CGG CG
15 (A in tRKT) SI-3 (21) 33% (7) 10% (2) 14% (3) 43% (9)
SI-8 (32) 66% (21) 6% (2) 6% (2) 22% (7)
SIM-3 (31) 48% (15) 6% (2) 3% (1) 43% (13)
SIM-7 (36) 28% (10) 8% (3) 8% (3) 56% (20)
17 (C in tRKT) SI-3 (21) 14% (3) 19% (4) 9.5% (2) 24% (5) 9.5% (2) 24% (5)
SI-8 (32) 12% (4) 9% (3) 6% (2) 16% (5) 19% (6) 38% (12)
SIM-3 (31) 35% (11) 13% (4) 17% (5) 35% (11)
SIM-7 (36) 33% (12) 31% (11 14% (5) 22% (8)
23 (C in tRKT) SI-3 (21) 33% (7) 19% (4) 10% (2) 38% (8)
SI-8 (32) 6% (2) 66% (21 19% (6) 9% (3)
SIM-3 (31) 26% (8) 29% (9) 13% (4) 32% (10)
SIM-7 (36) 17% (6) 61% (22 11% (4) 11% (4)

Numbers in parentheses correspond to the amount of plasmids sequenced. Base substitutions selected with reliability >95% (calculated with

STATISTICA) are indicated in bold.
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For the aptamers of the SI-8 library, in silico analysis
revealed the same two types of secondary structures for all
the selected RNAs. The first model is based on the assump-
tion that the aminoacceptor stem of tRK1 is not disturbed.
In this structure (referred to as the A-structure) (Fig. 2A),
the long paired region could play the role of the D/anticodon
helical domain of tRNA and in the three-dimensional model
may be perpendicular to the acceptor stem. The last hairpin
could play a stabilizing role. Thus, the molecule can be
folded into a very close tRNA-like structure with all required
distances and angles (Zagryadskaya et al. 2004).

The second model suggests the formation of an alternative
helix (referred to as an F-stem) at the 3’-part of the molecule
(F-structure) (Fig. 2A). The middle part of the structure
(nucleotides 12-55) is just the same as in structure A, in-
cluding the long (8 bp) paired region and the short
“stabilizing” hairpin. Noteworthy, all the three stably se-
lected substitutions in the D-arm of tRK1 (positions 15, 17,
and 23) are involved in base-pairing, indicating their impact
on the secondary structure.

For aptamers of the SIM-7 series, as for SI-8, two general
types of structure can be predicted: structure A, containing
the acceptor stem of tRK1, and structure F, with the
alternative helix at the 3’-part of the molecule (Fig. 2B).

Dy 547

F-structure

A-structure

A-structure

& FIDy-SI 56

i ¥ X
R FI-SI 56 E,\“, FIDy-SIM 92
S o —— )8

F-structure

All the RNAs can be folded into two- or three-hairpin
structures with a central loop containing a C-rich sequence
that was selected for the aptamers of this series.

Comparing the RNA aptamers selected by either mito-
chondrial import or preMSK1p binding plus import, it can
be noticed that one feature is in common for all RNAs: the
possibility of F-hairpin formation. Moreover, for all the
individual aptamers tested, the free energy of F-structure
formation was lower than that of A-structure formation
(Table 1).

Study of the alternative structure formation
by in-gel FRET

To prove directly the possibility of F-structure formation for
imported RNAs, we have used the in-gel FRET approach,
allowing us to estimate distances between different points in
the same RNA molecule labeled by fluorescent dyes, since
the efficiency of energy transfer between a pair of fluoro-
phores is inversely proportional to the sixth power of their
distance in the range 20-80 A (Walter 2003; Radman-Livaja
et al. 2005). Two RNA aptamers issued from the SI and SIM
selection procedure, SI 56 and SIM 92, have been chosen
for the analysis. The donor fluorophore fluorescein (Fl) was
introduced into the positions corre-
sponding to C56 of tRK1, conservative
. for all aptamers (Fig. 2; Table 1), and the
acceptor fluorophore Dy547 was added
g at the 3’-end of the RNA molecules. The
distance between these positions should
be quite different for two structural mod-
els proposed for selected RNAs (Fig.
2A,B): in the structures type A, we es-
timate a total distance between the dye
attachment sites as 65 + 5 A, while in
alternative F-structures it should be
shorter up to 25 = 5 A, resulting in
more efficient quenching of the donor
fluorescence in the presence of the ac-
ceptor dye.
The efficiency of donor fluorescence
quenching was measured in native PAGE
for SI 56 and SIM 92 RNAs containing

FI-SIM 92

I o e ni~ A p——IT ' ﬂuoresceip only or bqth dyes: Fl and
- ) Dy547 (Fig. 2C). The simple Forster re-
P32 o ==F C“S.uel ~7 lation (Sun et al. 2006) yields a distance

FIGURE 2. Secondary structure predictions and in-gel FRET analysis of selected RNA
aptamers. (A,B) Secondary structure prediction for RNA aptamers of (A) SI and (B) SIM
series. Two types of structure are shown for each RNA, with a canonical aminoacceptor (AA)
stem and with an alternative F-stem. (Red) Nucleotides corresponding to the tRK1 AA-stem;
(blue) to the D-arm; (purple) to the T¥C stem—loop; (black) stably selected substitutions and
variable regions; fluorophore positions are shown by splashes; (Fl) fluorescein. (C) In gel FRET
analysis of two selected RNA aptamers, (left panel) SI 56 and (right panel) SIM 92. Radioactive
signals, p32, and fluorescence (ex. 488 nm, em. 520 nm), Fl, of increasing amounts of RNAs
labeled by donor fluorophore only (FI-RNA) or by both donor and acceptor fluorophores

(FIDy-RNA), in a native 12% PAGE.

of 35.5 = 1 A for SI 56 RNA and 35 =
1 A for SIM 92 RNA (Table 3). Using the
Forster relation for a fluctuating chain
(Kobitski et al. 2008), we obtained even
smaller values, ~20 A for both RNAs,
which are closer to the distance pre-
dicted for the F-structure.

These data indicate that RNA aptamers
issued from the selection procedure and

www.rnajournal.org 931



Kolesnikova et al.

TABLE 3. FRET efficiencies and the calculated distances between
the fluorophore dye attachment sites in the free RNAs and
tRK1—protein complexes

FRET efficiency, E Distance

(%) (A)
Selected aptamer SI 56 94 = 0.7 35.5 * 1
Selected aptamer SIM 92 94.5 = 0.6 35 = 1
Free tRK1 93 £ 0.8 36 £ 1
tRK1-MSK complex 75 = 2 46 = 1
tRK1-Eno2 complex 98 + 0.5 27 =1

An average of two to three independent experiments is presented.

characterized by high mitochondrial import efficiency, in
native conditions can be, at least partially, folded into the
F-structure, as it was predicted in silico.

Structural rearrangements of imported lysine tRNA

Prediction of yeast tRNA™* secondary structures also shows
a reasonable possibility to form the F-hairpin structure for
tRK1, but not for the nonimported tRK2 molecule (Fig. 3A;
Table 1). These findings allow us to hypothesize that forma-
tion of the alternative structure might serve as an import
determinant, which is required for interaction of the im-
ported tRNA with protein import factors.

However, our attempts to resolve the tRK1 structure in
solution by chemical and enzymatic probing were not suc-
cessful due to the presence of a mixture of different con-
formations (data not shown). To distinguish between classi-
cal and alternative conformations of tRK1, we used the in gel
FRET approach for a T7-transcript of the tRKI gene labeled
by the donor fluorophore fluorescein in position C56 of the
TWC loop, and the acceptor fluorophore Dy547 added at the
3’-end of the tRNA molecule (Fig. 3A). In the classical tRNA
L-shape structure, the distance between these positions was
measured as 55-60 A (Shi and Moore 2000), while the
alternative structure formation should result in bringing the
3’-end and TWC loop together up to 25 A

For the in vitro transcript of the tRKI gene containing the
two fluorophores (referred to as FIDy-tRK1), the efficiency
of donor fluorescence quenching yields a 36-A distance
between dyes (Fig. 3B; Table 3), which corresponds to values
obtained for selected RNA aptamers and is significantly less
than the distance measured for the classical tRNA structure.
Such a value may support the idea that the FIDy-tRK1 tran-
script, lacking post-transcriptional modifications, assumes
a mixture of different conformations, as it was demonstrated
for human mitochondrial tRNA™® (Kobitski et al. 2008),
and can be partially folded into the F-structure.

We supposed that the interaction with proteins should
fix one preferential conformation of the tRNA. Therefore,
to monitor the changes in secondary structure of tRK1
during interaction with protein import factors (Eno2p and
preMSK1p), we performed gel-shift assays and measured
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the FRET efficiency for FIDy-tRK1 in the tRNA—protein
complexes separated in native PAGE (Fig. 3C,D). It
appeared that formation of these RNA/protein complexes
was not prevented by the presence of the fluorophores. In
the complex with enolase 2, the distance between the
fluorophores in FIDy-tRK1 was estimated as 27 A, as it
was predicted for the F-hairpin structure (Table 3). We
can therefore suggest that enolase binds preferentially and/or
stabilizes the particular conformation of tRK1, in which the
3’-end of tRNA and the TWC loop are close to each other.

After incubation of FIDy-tRK1 with preMSKlp, the
distance between the 3’-end and the TWC loop of FIDy-
tRK1 in the resulting complex was estimated as 46 A (Fig.
3C), demonstrating that tRK1 adopts another conformation,
close to but slightly different from the classical L-form found
in the complexes of tRNAs with their cognate aminoacyl-
tRNA-synthetases (Cusack et al. 1996). This is consistent
with our previous studies suggesting the RNA-chaperone
abilities of yeast enolase (Entelis et al. 2006) and a particular
way of interaction between tRK1 and preMSKl1p that does
not lead to tRNA aminoacylation (Tarassov et al. 1995).

To prove the impact of F-stem formation on the tRNA
import ability and to study the role of other tRNA domains,
we constructed and tested a set of artificial mini-RNAs.
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FIGURE 3. Study of conformational rearrangements in the tRKI
molecule by the FRET approach. (A) Secondary structures of tRK1
predicted by Mfold. tRK1 domains are colored as in Figure 2, and
fluorophore positions are shown by splashes. Post-transcriptional
modifications are indicated only in the tRK1 regions involved in the
alternative structure. (B-D) In-gel FRET analysis of (B) tRK1, (C)
tRK1 complex with preMSK1p, and (D) tRK1 complex with Eno2p.
Radioactive signals (p32) and fluorescence (Fl) in native 9% PAGE are
presented, as in Figure 2D.
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Mitochondrial import of small synthetic RNAs

We have previously reported that the 25-nt fragment of the
3’-part of tRK1 (referred to as F1) (Fig. 4A) was able to be
transported into yeast mitochondria on its own and could
be folded into a stem—-loop structure, corresponding exactly
to the F-stem (Entelis et al. 1998).

The set of short molecules based on the F1 sequence was
designed and tested for import into isolated yeast mitochon-
dria (Fig. 4A). Two C-G base pairs in the F1 helix structure
were substituted by G-C pairs in FI1(GC) or by unpaired

nucleotides C:A in FI(CA). The same values of import
efficiency (Fig. 4B; Table 4) for F1 and F1(GC) indicate that
stability of the stem, rather than its nucleotide sequence, has
an impact on import ability of these small RNAs. The F1(CA)
version where two base pairs are destroyed is still able to form
a rather weak helix structure and is imported three times
less efficiently than F1. This correlates with data obtained
on Leishmania mitochondria suggesting the need of hairpin
structure for the specific import of RNAs longer than 17 nt
(Rubio et al. 2000). Another small RNA named F1+H,
containing an additional hairpin joint to F1, has the same
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FIGURE 4. Structure and mitochondrial import of small synthetic RNAs. (A) Short RNA molecules based on the sequence of F1 (25-nt fragment
of the tRK1 3’-part). Nucleotide substitutions are colored. (B) Examples of in vitro import test for the labeled short RNAs and its import
efficiencies; see also Table 4. (C) Structure of synthetic RNA molecules composed of joined F-helix, D-arm, and/or aminoacceptor (AA-) stem of
tRK1/tRK2. For several versions two alternative structures are shown. AA-stem regions are shown in red for tRK1 and in orange for tRK2; D-arms
are in blue for tRK1 and in green for tRK2. (D) Dependence of synthetic RNA import efficiencies on the F-stem free energy (Mfold predicted).
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TABLE 4. Mitochondrial import properties of small synthetic RNAs

cies and their F-stems’ stability for F1D1,

Import
into yeast mitochondria
(fmol of RNA/0.T mg

Import

(fmol RNA/0.T mg

into human mitochondria

AD-1, AD-2, and AD-3, indicating the

impact of F-stem formation on the

importability of small synthetic RNAs.
This suggestion was supported by

Mfold
predicted
free energy
of the F-stem

RNA of mt protein) of mt protein) (kcal/mol) analysis of artificial RNAs A2D2 and
RK1 0 = 5 120 = 10 — F2D2, containing the D-arm of nonim-
F1 30 + 5 ND s ported tRK2 and the AA—stém (or its
F1(GC) 30 * 5 ND 145 3'-part for F2D2) corresponding to mu-
F1(CA) 10 = 5 ND —7.6 tant tRK2 version G1-C72; U73, which
F1+H 25 =5 ND —145 had been previously characterized by very
/F\1DD11 552 f ;5 752 f U5 *13'5 efficient mitochondrial import (Entelis
AD-2 20 + 5 ND s et al. 1998; Kazakova et al. 1999). Bpth
AD-3 90 + 5 50 + 5 99 short RNAs could be folded into
A2D2 280 * 10 300 = 10 —11.2 5-bp F-stem containing structures that
F2D2 330 = 10 350 = 10 —-11.2 correlated with a rather high level of

ND, Not determined.

import efficiency as F1 (Fig. 4A,B). These results demonstrate
the importance of the F-hairpin structure for small synthetic
RNA import into isolated mitochondria. However, their im-
port efficiencies less than tRK1 suggest implications of specific
nucleotides, sequences, or structural motifs of other tRK1 do-
mains in the import process.

To test the impact of different domains, another set of
artificial RNA molecules composed of joint F-helix, D-arm,
and/or aminoacceptor (AA-) stem of tRK1 or tRK2 was
designed (Fig. 4C). Surprisingly, the RNA hairpin structure
corresponding to the D-arm of tRK1 joined to the F-helix
(named F1D1) led to a 10-fold increase of import abilities
of the resulting RNA compared to F1 (Fig. 4B; Table 4). To
verify the role of the D-arm in the import, we have con-
structed small RNAs containing the AA-stem and D-arm of
tRK1 (referred to as AD-1, 2, and 3), differing by the length
of the connector region between the two domains (Fig. 4C).
Synthetic RNA AD-1 with a classical 2-nt connector region
was not able to penetrate into yeast mitochondria, suggest-
ing that the AA-stem joined to the D-arm of tRK1 cannot
be imported on its own and does not contain a sufficient
set of import determinants. On the contrary, versions AD-2,
differing from AD-1 by the long C-rich loop region (as
found in aptamers of SIM series), and AD-3 (without any
connector) were imported into yeast mitochondria with
increased efficiencies. Their import levels did not correlate
with the stabilities of AA and D-stem-loop structures, but
could be explained from the point of view of alternative
structure formation. Indeed, the sequence of the AD-1 RNA
completely excludes the possibility of 3’ hairpin structure
formation. However, for the versions AD-2 and AD-3, it is
possible to predict the F-stem structures with increasing
stability (3 base pairs [bp] and 4 bp, correspondingly) (Fig.
4C). A diagram representation of these data (Fig. 4D) shows
a clear correlation between the small RNAs’ import efficien-
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mitochondrial import (Fig. 4B; Table 4).

It was observed that F2D2 RNA was

imported two times less efficiently than

F1D1 RNA, the latter being character-
ized by a more stable F-stem structure (Fig. 4C,D). Therefore,
the results of the short RNA import analysis support the idea
that the possibility of alternative F-hairpin formation at
the 3’-end of tRNA is one of the mitochondrial import
determinants.

Among all the short RNAs tested, those containing the
D-arm structure joined to the F-hairpin were characterized
by very high import capacities (versions F1D1 and F2D2).
However, version F1+H, with a loop of seven adenosines
joined to hairpin F, had lower import ability than versions
with a D-loop sequence (Fig. 4D). This might indicate that
the D-loop sequence, conserved in most of the selected
RNA aptamers, also serves as an ‘“‘import-positive”
feature, providing a platform for one of the protein import
factors.

We have also tested the possibility for short artificial RNAs
to be internalized by isolated human mitochondria in the
presence of human proteins. We have shown that RNAs that
were well imported into yeast mitochondria (F1D1, F2D2, and
A2D2) were also imported into isolated HepG2 mitochondria
with high efficiencies (Fig. 5A; Table 4).

FID1 RNA characterized by the best import ability was
then chosen to test the possibility of its mitochondrial
import in vivo in cultured human cells. For this purpose, we
have used the previously described approach of direct
transfection of mammalian cells by purified tRNAs (Kohrer
et al. 2001). We found that F1ID1 RNA was stable in
HepG2 cells at least 48 h after transfection, and was detected
in the mitochondrial fraction after RNase and digitonin
treatment, indicating its at least partial localization in the
mitochondrial matrix (Fig. 5B). Efficiency of F1D1 RNA
import into human mitochondria in vivo was five times
higher than that of the tRK1 T7 transcript. These findings
open the possibility of exploiting mitochondrial import of
small artificial RNAs for biomedical applications.



New small RNAs imported into mitochondria

Nk &
& & PP

- -

Import efficiency, 50 750 300 350

fmoles RNA/0.1 mg

of mt protein
total RNA mt RNA
TRK1 FiD1 TRK1 F1D1
transfected transfected transfected  transfected
cells cells cells cells
wao Wy W, - s
cytotRNALys ol | e
mttRNAThr ol i o
Relative efficiency of import 1 5

FIGURE 5. Import of small synthetic RNAs into human mitochon-
dria. (A) Example of **P-labeled RNAs import into isolated HepG2
mitochondria in the presence of human import-directing proteins.
The mitochondrial import efficiencies were calculated as the average
of three independent experiments; standard deviation values are
indicated in Table 4. (B) Northern blot analysis of presence of tRK1
(T7 transcript) and synthetic RNA F1D1 in total and mitochondrial
RNA preparations 48 h after transient transfection of HepG2 cells.
Probes used for hybridization are indicated in the left column. Import
efficiency of RNAs was estimated as a ratio between the signal ob-
tained after hybridization with the anti-tRK1 probe and that obtained
after }%bridization with an oligonucleotide against the mitochondrial
tRNA"" in the mitochondrial RNA preparation. In order to compare
import efficiencies of different RNAs, the values obtained were
divided by the ratios calculated in the same way but in a total RNA
preparation, which indicate the total level of each RNA in the
transfected cells. The resulting normalized import efficiency of the
tRK1 transcript was taken as 1.

DISCUSSION

In organello selection of importable RNA aptamers

In the field of RNA import, one of the major challenges is
to determine what controls the specificity of import. How-
ever, tRNA import signals are now known to be as diverse as
the number of organisms studied (Salinas et al. 2008). In
the protozoan Tetrahymena pyriformis, the UUG anticodon
of the imported tRNA®™ is essential and sufficient for
mitochondrial targeting (Rusconi and Cech 1996). In Trypa-
nosoma brucei, the T-stem nucleotides determine the locali-
zation of the tRNAM®" (Bouzaidi-Tiali et al. 2007). Several
studies suggested that tRNA import can be defined by the
tertiary structure of the molecule. Thus, for mitochondria of
Leishmania tarentolae, the nonspecific import of mini-helices
smaller than 17 bases and a structural requirement for longer
RNAs was demonstrated; however, the signals for importa-
tion of folded RNAs have not been determined (Rubio et al.
2000). In Leishmania tropica tRNAs, two import signals were
identified: in the variable loop-T region and in the D-arm,
the latter consisted of the secondary structure motif and A23

nucleotide identity (Bhattacharyya et al. 2002; Goswami et al.
2003). In higher plants, mutations abolishing tRNA mito-
chondrial import have been described in anticodon and
D- and T-domains of different tRNAs (Duchene et al. 2009),
raising the possibility that the 3D structure of tRNA, de-
termined by interaction between D- and T-loops, is essential
for import (Salinas et al. 2005).

The aim of this work was to identify the mitochondrial
import determinants in the yeast tRNA™* molecule by the
SELEX approach. This technique permits isolation of
molecules with a high affinity to a target from a pool of
heterologous RNAs by cycles of partitioning and amplifi-
cation of selected sequences. SELEX has been successfully
used to isolate RNA molecules that bind a particular
protein from a pool of randomized sequences (Peterson
et al. 1993, 1994). Applied to mitochondrial import of
RNA, this method has been used to search for import
signals in RNAs recognized by L. tropica mitochondrial
receptors (Bhattacharyya et al. 2002). In this protozoan, the
whole set of mitochondrial tRNAs is imported from the
cytosol by a mechanism that is different from the one
found in yeast (Mukherjee et al. 2007). A pool of random
16-mer sequences flanked by anchors has been subjected to
selection for import into isolated L. tropica mitochondria,
and thus permitted identifying a set of short “import
signals” corresponding to the fragments of different tRNA
domains (Bhattacharyya et al. 2002, 2003).

In the yeast S. cerevisiae, one of the two isoacceptor lysine
tRNAs, tRK1, is imported into mitochondria. So we started
our SELEX experiment from an initial library of tRK1-derived
molecules containing 14 random nucleotides in positions
that differ between imported tRK1 and nonimported tRK2
(Fig. 1A; Table 1). After seven to eight cycles of selection
for import into isolated yeast mitochondria followed by RT-
PCR amplification, we obtained RNA pools demonstrating
a 25-30-fold increase of import efficiency (Fig. 1E). This cor-
responds to the enhancement obtained for the RNA import
into Leishmania mitochondria (Bhattacharyya et al. 2002)
and indicates the successful enrichment of a randomized
RNA pool with sequences capable of being imported into
mitochondria.

However, analysis of individual selected RNAs revealed
that we had not obtained the full-size tRNA molecules with
changes in randomized positions, as it was expected, but a set
of RNA-aptamers of different lengths, containing large de-
letions and rearrangements. This can be due to amplification
artifacts as so-called “the tyranny of short motifs,” since in
SELEX experiments the shorter, less complex binding motifs
may predominate (Conrad et al. 1995; Piasecki et al. 2009).
In any case, all the individual RNA aptamers obtained and
tested in this work demonstrated high levels of in vitro
import (Table 1), indicating the successful selection of mi-
tochondrial import determinants. This may reflect the flex-
ibility of the mitochondrial import pathway and the possi-
bility for different types of RNAs to bind the protein import
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factors and membrane receptors to be thereafter transported
into the mitochondrial matrix, at least in vitro.

Structural rearrangements of tRK1

Analysis of the importable RNAs obtained in selection
experiments allows us to suggest that at least one of the
modes of interaction leading to RNA mitochondrial import
could be realized through the alternative F-structure for-
mation, different from a classical L-form tRNA model. This
is the first evidence for implication of RNA secondary
structure rearrangement in the mechanism of mitochon-
drial import selectivity, since all the previous studies sug-
gested the role of the classical tRNA tertiary structure
(Goswami et al. 2003; Salinas et al. 2005).

To prove the real existence of such conformational re-
arrangement, we used the FRET approach, a powerful tech-
nique allowing us to estimate distances between different
points in the same RNA molecule labeled by fluorescent
dyes (Walter 2003). The in-gel FRET method (Radman-
Livaja et al. 2005) enabled us to measure the distance
between the 3'-end and the T-loop of tRK1 in the
complexes with its mitochondrial import factors,
preMSK1p and Eno2p. We show that in the complex with
targeting protein factor Eno2p, tRK1 adopts a particular
conformation characterized by bringing closer nucleotides
C56 and A75, as it was predicted for the F-hairpin structure
(Fig. 3).

Our in silico structural predictions and the FRET ap-
proach have been performed with a synthetic transcript. Do
in vivo post-transcriptional modifications of tRK1 allow the
alternative structure formation? The tRK1 molecule contains
modified nucleosides in 11 positions (compared to 16 in
nonimported tRK2) (see Fig. 1A; Juhling et al. 2009), and
only five of them are localized in the hairpin regions of the
proposed alternative F-structure (Fig. 3A). A long hairpin,
including the tRK1 V-loop and anticodon arm nucleotides,
should not be destabilized by post-transcriptional modifica-
tions, since t°A in position 37, as well as m’G46, leave the
hydrogen-bond capacity pattern unchanged, and pseudouri-
dines W39 and W55 should have a stabilizing effect on base-
pairing (Helm 2006). The m'A58 modification, which could
disturb base-pairing A58-U73 in F-helix, was found only in
a fraction of tRK1 molecules (Smith et al. 1971). Thus, no
modifications able to prevent the alternative helices forma-
tion can be detected in the tRK1 structure. However, the
post-transcriptional modifications in tRNAs have been
considered to stabilize classical tRNA 3D folding, avoiding
the alternative structures (for review, see Helm 2006). We
can therefore suggest that nucleotide modifications in tRK1
restrict its possibility of folding into an F-structure, allowing
mitochondrial import of 1%—-5% of the tRK1 cytosolic pool,
which is able to adopt this structure with the help of
the RNA-chaperone protein factor enolase. This correlates
with the observation that tRK1 in vitro transcript, being a
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poor substrate for aminoacylation, however, can be better
imported into yeast mitochondria than modified tRK1
(Kolesnikova et al. 2002).

The idea of alternative tRNA folding first appeared in
very early studies demonstrating tRNA misfolding into a
conformation inactive for aminoacylation by a transition
from a cloverleaf secondary structure to an extended one
(Madore et al. 1999). Recently, by a single-molecule FRET
technique, it was shown that a transcript of human
mitochondrial tRNA™® in solution assumed a mixture of
three conformations (unfolded, extended hairpin, and
cloverleaf-based L-shape), depending on magnesium ion
concentration and A9 base modification (Kobitski et al.
2008). Another type of alternative tRNA conformation, the
“N-form,” was found in complex with one of the modifi-
cation enzymes, ArcTGT. This enzyme modifies its buried
target site (G15) by recognition of a tRNA marked by
a profound conformational change making the D-stem and
the canonical core of the L-form structure completely
disrupted (Ishitani et al. 2003).

All alternative tRNA conformations reported before sug-
gested the intactness of the AA-stem. Here we hypothesize
that to escape the cytosolic protein synthesis cycle and to
enter inside the mitochondria, the tRNA molecule might
adopt a completely different conformation, including the
reorganization of the aminoacceptor, T-arm, and anticodon
arm, retaining only the D-arm intact. This unusual folding
can be induced or favored by interaction of aminoacylated
tRK1 with RNA-chaperone enolase 2.

In our previous work (Entelis et al. 2006), yeast enolase
was shown to have a capacity to reduce the Ky of the tRK1-
preMSKl1p complex. In the presence of both proteins, no
ternary complex was observed, and only tRK1-preMSK1p
was detectable. Such a pattern is characteristic of consec-
utive reactions, indicating that Eno2p binds tRNA and then
transfers it to the second protein, preMSK1p. Thus it was
suggested that Eno2p could induce some conformational
changes in tRNA. Data obtained in the present work
confirm this hypothesis, since we demonstrate that in the
complex with enolase, tRK1 adopts a particular conforma-
tion, in which the 3’-end of tRNA and the TWC loop are
close to each other.

We suggest that the housekeeping protein enolase is
implicated not only in glycolysis and the targeting of
imported tRNA toward the mitochondria, as it was shown
previously, but also in the discrimination between cytosolic
tRNAs partially imported into mitochondria, and non-
imported ones. Enolase might induce the temporary con-
formational changes in the aminoacceptor stem of all
the tRNA molecules; thereafter only those RNAs that are
able to form a stable alternative F-stem proceed to the
mitochondrial import pathway, including specific interac-
tions with the carrier protein, preMSK1p, and membrane
receptors. In the complex with preMSKlp, tRK1 adopts
an unknown “intermediate” conformation, which should
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facilitate its re-folding into the classic cloverleaf-based
L-shape structure needed for participation in mitochondrial
translation.

Impact of “import determinants”” on the selectivity
of mitochondrial targeting

From the point of view of conformational rearrangement as
an import selectivity determinant, some of our previous
results should be re-discussed. Two yeast isoacceptor lysine
tRNAs, imported tRK1 and nonimported tRK2, differ in
several positions of the aminoacceptor stem (Fig. 1A; Table
1). Various versions of the tRK2 gene with replacements in
positions 1:72 and 73 have been expressed in yeast cells,
and mutant tRNAs’ mitochondrial import efficiencies were
measured (Kazakova et al. 1999). It has been shown that
introduction of a G1:C72 pair in the tRK2 context led to
import of the mutant tRNA, whereas an additional muta-
tion in the discriminator position 73 increased the import
efficiency, which became almost the same as for tRKl
(Table 5). Therefore, bases G1:C72 and U73 at the end of
the AA-stem were suggested to act as an import signature
in the tRK2 context. So far, the role of these nucleotides,
especially the one in the “discriminator” position 73, has
not been clear. To explain these data, here we compared
the mutant versions’ sequences from the point of view of
the possibility to form an alternative helix structure at the
3’-end of the RNA molecules. One can see a clear correlation
between mitochondrial import efficiency and the stability
of the predicted F-stem at the 3’-end of these tRNAs (Table
5). In fact, the 3'-part of the nonimported tRK2 molecule
cannot adopt any stable structure. Correspondingly, a
20-base fragment of its mutant version with an exchange of
A72 for C72 (as in tRK1) can be folded into a rather stable
alternative conformation and can be imported, whereas the
exchange of two nucleotides, A72G73 for C72U73, stabilizes
the F-hairpin, thus increasing the importability of tRNA.
This can indicate the role of conformational changes, no-
tably the F-helix formation, in tRNA mitochondrial import,
not only in vitro, but also in living yeast cells.

TABLE 5. Possibility of the alternative F-stem formation for 20-nt fragments at the 3’-end

of the mutant tRK1/tRK2 versions

In yeast tRNAs", not only the aminoacceptor stem
nucleotides, but also the wobble position C34 of the anti-
codon, have an impact on mitochondrial import (Kazakova
et al. 1999; Kolesnikova et al. 2002). In the tRK1 alternative
F-structure model, the anticodon nucleotides are involved
in the long hairpin structure (Fig. 3A). Apparently, this hair-
pin can determine the overall structure stability. Therefore,
C34-t0-U34 substitution (as in tRK2) should lead to a desta-
bilization of the long hairpin structure due to the three
consecutive G:U pairs’ formation. In native tRNAs, U34 is
always modified, thus introducing steric conflicts and mak-
ing the alternative F-structure formation less probable. We
can therefore suggest that the anticodon domain of tRNA
plays an auxiliary role in the mechanism of mitochondrial
targeting selectivity, working mostly as a negative factor
to prevent the conformational changes in nonimportable
tRNAs and therefore guaranteeing the specificity of tRNA—
protein interactions. Moreover, if the anticodon loop se-
quence could harm the conformational rearrangement
needed for targeting, its deletion from the tRNA structure
may even improve the mitochondrial import, as we can
see for the RNA aptamers obtained in SELEX experiments
(Table 1). Notably, the structure of small artificial RNA
F1D1, demonstrating the best importability, is very close to
the tRK1 alternative F-structure with the long hairpin region
deleted (Figs. 3A, 4C). Therefore, the hypothesis of alterna-
tive tRNA conformation as one of the import determinants
allows us to explain not only the results obtained in vitro
with RNA aptamers, but also to understand the implica-
tion of previously identified “import determinants” in the
mechanism of mitochondrial targeting selectivity.

Mitochondrial import of RNAs
as a therapeutic strategy

The results presented here have another promising issue:
some short synthetic RNAs were characterized by an ex-
tremely high efficiency of import into yeast as well as into
human mitochondria. This supports our hypothesis that
human cells possess a cryptic tRNA import mechanism that
can be activated in the presence of im-
portable RNAs and, in the case of specific
need (either metabolic or genetic), pro-
vides the cell with an additional adaptive
mechanism (Kolesnikova et al. 2004).

RNA Sequence of 20 bases at 3'-end of Mitochondrial import | Mfold predicted dG
tRNA molecule” efficiency, % of tRK1" | of F-stem formation,
kcal/mol
tRK2 gagcccccuaugaggagceca
FF-FF FF-FF <1 1.3
tRK2 gagcccccuaugaggCgcca
UlG;A72C F-FFE-F F-FFF-F 55-60 -8.2
tRK2 gagcccccuaugaggCUcca
U1G;A72C;G73U | FFFFF FFFFF 90-110 -10.3
tRK1 gagcccccuaCAGggCUcca
FFFFFF FFFFFF 100 -13.2

As published previously (Kazakova et al. 1999). Bases differing between tRK1 and tRK2 are

shown in bold; (F) nucleotides involved in the F-helix formation.

The use of the RNA mitochondrial
import pathway can open a new door
to treat severe pathological diseases asso-
ciated with mtDNA mutations (Taylor
and Turnbull 2005). One possible strat-
egy consists of supplementation of de-
fective mtDNA-encoded tRNAs with
engineered tRNA alternatives expressed
in the nucleus and imported into mito-
chondria. Two successful attempts to
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cure mitochondrial deficiency associated
with the syndrome MERRF were already

TABLE 6. Sequences of oligonucleotides

reported: we have used a cryptic tRNA Ol (template for | gccttgttggcgcaNtNggtagNgcgtNNgNCtNNNaaNcNNaaNgtNaggggttcagageecee
import mechanism to target in the hu-  |randomizedRNA | tacagggeteca
. . . library creation)

man mitochondria recombinant yeast  [02 primer with T7- | cocaagcttaatacgactcactatagocttgttggcge

Lys : promotor sequence)
tRNAs™® (Kolesnikova et al. 2004). 53" imer for kT) | gggatectggagcectatagg
Mahata et al. (2006) have introduced Templates for small RNAs transcription (transcribed part is underlined):

: s F1 TGATCATAATACGACTCACTATAGGTTCGAGCCCCCTACAGggCTCCAGGTGATCAT

the tRNA 1mp0rt apparatus from LeISh F1(GC) TGATCATAATACGACTCACTATAGGTTCGAGGGCCCTACAGCcCTCCAGGTGATCAT
mania into human cells to target a set of F1(CA) TGATCATAATACGACTCACTATAGGTTCGAGCCCCCTACAGaaCTCCAGGTGATCAT
cytoplasmi ¢ tRNAs in the mitochon- F1+H gggzgzgz}T\ATACGACTCACTATAGAACCTAAAAAAAATAGGTTCGAGCCCCCTACAGGGCTCCAG
dria‘ Other approaches based on the AD-1 taatacgactcactatagccttgttggcgcaatcggtagcgcaaatacagggcteccaggtgatca

. . AD-2 taatacgactcactatagccttgttggcgcaatcggtagcgcacccccacceccctacagggctee
allotopic rescue of deleterious mtDNA aggtgatca

. b d 1 d . AD-3 taatacgactcactatagccttgtgcgcaatcggtagcgcccctacagggcteccaggtgatca
mutations may be developed, as lmport A2D2 taatacgactcactatagccttgttagctcagttggtagagcccctatgaggctccaggtgatca
of tRNAs with altered aminoacylation F1D1 taatacgactcactatagcgcaatcggtagegettcgagecccctacagggctecaggtgatea
. .. F2D2 taatacgactcactatagctcagttggtagagcttcgageccecctatgaggctccaggtgateca
identities and suppressor tRNAs cor-

. . . . d Probes for Northern hybridization:
I‘CCtll’lg mutations 1n protem-co mng RKA tggagooctgtagggg
genes (Tarassov et al. 2007). Results oytosolic
obtained in the present study may be  [tRNA™uu ACTTGAACCCTGGACC
. . . mitochondrial
helpful for engineering of new import-  |RNa™ TCTCCGGTTTACAAGAC
able tRNA molecules possessing the RNA oligonucleotides labeled by fluorophores, Fl - fluorescein
. . eqeye for FI-RNA GGUUC(FI)GAGCCCCCUACAGGGCUCCA
alternative folding abilities.
for FIDy-RNA GGUUC(FI)GAGCCCCCUACAGGGCUCCA(Dy547)

In the majority of patients, both mu-
tant and wild-type mtDNA molecules
are present in the same cell, a phenom-
enon known as ‘“heteroplasmy.” Anti-
genomic rescue of deleterious mtDNA
mutations was proposed (but not yet realized), consisting
in selective inhibition of the mutant mtDNA replication,
thereby allowing propagation of only wild-type molecules
(Taylor et al. 1997). The importable synthetic RNAs ob-
tained in the present study cannot be expressed in vivo from
the internal RNA polymerase III promoter. However, one of
these RNAs introduced into human cells by a transient
transfection procedure was shown to be stable in the cy-
toplasm and imported into the mitochondrial matrix with
an efficiency five times higher than that of tRK1. Remem-
bering that even low levels of transgenic tRNA expression
permitted the correction of pathogenic effects due to mu-
tation in human mitochondrial tRNA (Kolesnikova et al.
2004), this observation opens the possibility of creating
a new mitochondrial vector system based on small RNA
molecules, able to target therapeutic anti-replicative oligor-
ibonucleotides into deficient human mitochondria.

MATERIALS AND METHODS

Randomized RNA library design

The initial pool of RNAs was generated by T7 transcription on
a PCR amplificate of a 73-mer oligonucleotide O1 containing
random nucleotides in 14 positions (Fig. 1A). PCR amplification
was done using the oligonucleotides O2, containing the BstNI site to
recreate the 3’-terminal CCA sequence, and O3, containing the T7
RNA polymerase promoter for in vitro transcription (Table 6).

In vitro transcripts were gel-purified using a 12-cm-long, 10%
polyacrylamide gel containing 8 M urea. In these conditions, tRNA
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molecules are not completely denaturated, and their mobility de-
pends on the stability of the secondary structure. Two yeast lysine
tRNAs, imported tRK1 and nonimported tRK2, being of the same
length, were characterized by different mobility in this PAGE
system (Entelis et al. 1998). Taking into account that RNA mol-
ecules of our randomized library could share the structural
peculiarities of both tRK1 and tRK2 molecules, RNAs were eluted
from a rather large spot of the gel, comprising the area of both ly-
sine tRNAs.

Eluted RNAs were refolded by one cycle of heat denaturation—
renaturation in presence of 0.5 mM MgCl, and subjected either to
binding to immobilized preMSK1p prior to import into isolated
yeast mitochondria, or directly to import. After RNase treatment
and swelling of mitochondria, RNA was isolated, RT-PCR amplified
with O2 and O3 oligonucleotide primers, and used for the further
rounds of selection or cloned into the pUCI18 vector and se-
quenced. ¢cDNA obtained after each round of selection was
T7-transcribed and re-assayed for preMSK1p binding and in vitro
import.

In vitro import

Yeast S. cerevisiae strain YPH500 was used for isolation of yeast
mitochondria; human mitochondria and import directing pro-
teins (IDPs) were isolated from the HepG2 cell line as described
elsewhere (Entelis et al. 2002). Yeast IDPs were isolated from a
pre-protein import-deficient strain, ATOM20ry, carrying plas-
mid pG11T6 with the MSKI gene to overexpress the precursor
form of MSKl1p (Kazakova et al. 1999).

The assay of **P-labeled RNA import into isolated yeast or hu-
man mitochondria was performed in the presence of yeast or hu-
man IDP as described (Entelis et al. 2002). A 15-min incubation of
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mitochondria with a labeled RNA has been followed by a mito-
chondria re-purification step, RNase treatment to eliminate all the
external RNA, disruption of the outer mitochondrial membrane
by osmotic shock (swelling), re-purification of mitoplasts, and
RNA isolation. Imported RNAs were analyzed by PAGE in a 12%
polyacrylamide gel containing 8 M urea, and quantification of
results was done by Typhoon-Trio scanner using ImageQuant-
Tools software (GE Healthcare). To estimate the import efficiency,
50 fmol of corresponding *?P-labeled RNA were loaded on the
same gel. All the manipulations with mitochondria, up to the
RNA isolation step, normally take at least 1 h, so the amount of
imported RNA detected by gel scanning should correspond to the
labeled RNA that has penetrated into the mitochondrial matrix
and did not degrade there in 1 h.

For in organello selection experiments, the same protocol has
been used; the only difference was that isolated yeast mitochon-
dria were incubated with an unlabeled mixture of RNA molecules
(100 pmol per 50 pg of mitochondrial protein) in a final volume
of 100 L. For the sixth, seventh, and eighth rounds of selection,
the volume of reaction was increased to 500 pL, to decrease
the concentration of RNA-binding ligands and mitochondrial
receptors and, therefore, to increase the selection stringency.

RNA synthesis and manipulation

Small artificial RNAs were obtained by PCR amplification of
corresponding sequences (the oligonucleotides are listed in Table
6) followed by cloning, sequencing, and transcription. RNA
transcripts obtained in vitro using T7 RNA polymerase (Promega)
were gel-purified and refolded by one cycle of heat denaturation—
renaturation in the presence of 0.5 mM MgCl,. Aminoacylation
was done with the recombinant yeast cytoplasmic lysyl-tRNA
synthetase (KRSlp) as described (Entelis et al. 1998). For RT-
PCR, AMV reverse transcriptase (Promega) was used. For each
RT-PCR, a control reaction without reverse transcriptase was
performed.

preMSK1p binding

PreMSK1p-binding efficiency was quantified by immunoprecipita-
tion of 5'->*P-labeled individual tRNA/preMSK1p complexes with
anti-MSK antibodies as described (Entelis et al. 1998). For selection
experiments, 100 pmol of RNA were incubated with Sepharose
CL4B-BrCN-immobilized recombinant preMSKlp (10 pmol per
assay) in 20 mM HEPES-KOH (pH 6.8), 20 mM KCl, 2.5 mM
MgCl,, 1 mM ATP, and 5 mM dithiothreitol. After the fifth round
of selection, the amount of immobilized pre-MSK was decreased to
0.1 pmol. After 30 min of incubation at 20°C, Sepharose beads were
washed twice with the same buffer, and RNA was eluted with 7 M
urea, phenol-extracted, and precipitated by ethanol.

RNA import in vivo

For transfection of HepG2 cells, 6 g of RNA per 60 cm? of con-
fluent cells were used. Transfection was carried out by using the
Lipofectamine 2000 reagent (Invitrogin) according to the manu-
facturer’s protocol. Two days after transfection, mitochondria
were isolated and purified as described (Entelis et al. 2001), and
total and mitochondrial tRNAs were resolved in denaturing gels
and analyzed by Northern hybridization with 5’->*P-labeled

oligonucleotide probes against the 3’-part of yeast tRNA&Sy

(for tRK1 and small synthetic RNAs detection), human cytosolic
tRNA™* (to check possible cytosolic contamination in mtRNA
preparation), and human mitochondrial tRNA™" (Table 6). The
import efficiency of RNAs was then estimated after quantification
in a Typhoon-Trio scanner as a ratio between the signal obtained
after hybridization with an anti-tRK1 probe and that obtained
after hybridization with an oligonucleotide against the mitochon-
drial tRNA™ in the mitochondrial RNA preparation, as described
previously (Smirnov et al. 2008). In order to compare import
efficiencies of different RNAs, the total level of each RNA in
transfected cells should be taken into account and normalized.
For this, the import efficiencies were divided by the ratios cal-
culated in the same way but in a total RNA preparation, which
indicates the total level of RNA. The resulting normalized import
efficiency of tRK1 transcript was taken as 1.

In silico RNA analysis

To predict 2D RNA structures and estimate the free energy (dG),
the Mfold program was mainly used, but the alternative programs
contrafold, pfold, and the ViennaRNA package were also used
with similar results. The Malign package was used to align primary
structures of RNAs, and the Statistica package to evaluate SELEX
results.

In gel FRET analysis

Fluorescent RNAs were constructed by the splint-ligation method
(Kurschat et al. 2005). T7 transcripts corresponding to 1-51 nt of
tRK1 and a selected aptamer SI 56, or to 1-45 nt of a selected
aptamer SIM 92 (Table 1), were ligated to the chemically syn-
thesized RNA fragments corresponding to the 3'-part of the tRK1
molecule (52-76 nt). Fluorescent groups were introduced into
the RNA fragments (Thermo Scientific, Dharmacon): fluorescein
(donor) in the C56 position, for FI-RNAs; fluorescein in C56 and Dy
547 (acceptor) added to the 3’-end (A76), for double-labeled FIDy-
RNAs (Table 6). After ligation, full-size RNAs were gel-purified,
5'-32p_labeled, and re-purified on a 12% urea-PAGE. Gel-shift assays
with recombinant proteins were performed as described previously
(Entelis et al. 2006). To obtain a stable tRK1-enolase complex, the
recombinant yeast Eno2p with an H373F mutation (Entelis et al.
2006) was used. Dy547-labeled tRK1 was not able to form a complex
with KRS1p.

Fluorescein (exitation 488 nm, emission 520 nm) signals were
measured in gel with the use of a Typhoon-Trio scanner; radioactive
signals were measured in the same gels using a BAS-MS Imaging
Plate (Fujifilm) at the same scanner and quantified with Image-
QuantTools software. The efficiency of energy transfer (E) was cal-
culated as the extent of donor fluorescence quenching in double-
labeled (by donor and acceptor) tRK1, with the use of the standard
equation:

Taa[d]
[da]

= Id(l 7E)7

where I3, and Iy are fluorescein fluorescence intensities of RNA
containing the both donor and acceptor, and with donor alone,
respectively; [da] and [d] are radioactive signals of RNA with both

www.rnajournal.org 939



Kolesnikova et al.

donor and acceptor, and with donor alone, respectively. The
distance between fluorophores (R) was calculated from the equation:

1 1/e
R:Ro(f—l) ,
E

where R, is the Forster critical distance, for the pair fluorescein/
Dy547, Ry = 56 A (Sunetal. 2006). Estimation of distances between
the dye attachment sites for the different RNA conformers was done
as described (Kobitski et al. 2008), and calculations based on the
Forster relation for a fluctuating chain are as in Kobitski et al.
(2007).
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