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5S rRNA is an essential component of ribosomes of all living organisms, the only known exceptions being
mitochondrial ribosomes of fungi, animals, and some protists. An intriguing situation distinguishes mammalian
cells: Although the mitochondrial genome contains no 5S rRNA genes, abundant import of the nuclear DNA-
encoded 5S rRNA into mitochondria was reported. Neither the detailed mechanism of this pathway nor its
rationale was clarified to date. In this study, we describe an elegant molecular conveyor composed of a previously
identified human 5S rRNA import factor, rhodanese, and mitochondrial ribosomal protein L18, thanks to which 58
rRNA molecules can be specifically withdrawn from the cytosolic pool and redirected to mitochondria, bypassing
the classic nucleolar reimport pathway. Inside mitochondria, the cytosolic 5S rRNA is shown to be associated

with mitochondrial ribosomes.
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Among ribosomal RNA molecules, 55 rRNA occupies a
very particular place. This only ~120-nucleotide (nt)-long
nucleic acid displays an unusually complex structure
with outstanding protein interaction capacities, essen-
tial for both its intracellular transport and function
inside ribosomes (for review, see Szymanski et al. 2003;
Smirnov et al. 2008b). One of the best conserved ribo-
somal macromolecules, 5S rRNA, has been shown to
perform the function of the higher regulatory center,
providing the cross-talk among almost all functional
sites of the translating ribosomal machine (Bogdanov
et al. 1995; Smith et al. 2001; Kiparisov et al. 2005;
Kouvela et al. 2007). The major 5S rRNA-binding protein
of the ribosome is prokaryotic protein L18 and its
eukaryotic homolog, eL5. Proteins of this family, named
eL5/L18, are present in all living systems and are absolutely
needed for 5S rRNA integration into the ribosomal large
subunit (DiNitto and Huber 2003). In bacterial ribosomes,
5S rRNA also interacts with proteins L5 (despite its name,
it is not a homolog of the eukaryotic eL5) and L25, thus
forming a main part of the central protuberance of the large
subunit (Ban et al. 2000). The recently reported crystal
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structure of the yeast Saccharomyces cerevisiae 80S
ribosome demonstrates tight interaction of 5S rRNA
with protein eL5, as well as with eL11 (homolog of
prokaryotic L5, found only in yeast ribosomes) and
eL6. The central protuberance of the large subunit,
dominated by 5S rRNA, undergoes considerable struc-
tural rearrangement upon mRNA translocation and
may coordinate changes in different sites of the ribo-
some (Ben-Shem et al. 2010).

Notwithstanding its important role, attempts to detect
5S rRNA in mitochondrial ribosomes of fungi, animals,
and some protists have been unsuccessful (Koc et al.
2001Db; Sharma et al. 2003, 2009). In the yeast S. cerevisiae
and the kinetoplastid protozoan Leishmania tarentolae,
5S rRNA is not encoded by the mitochondrial genome,
and there is no evidence that this RNA can be imported
from the cytosol. Although, in such dynamically evolving
mitochondrial systems as that of L. tarentolae, recruit-
ment of novel ribosomal proteins could have ensured the
functional complementation for the lost ancestral 5S
rRNA (Smits et al. 2007; Sharma et al. 2009), it appears
unlikely in the case of mammalian mitochondria, where
the additional and enlarged ribosomal proteins do not
compensate for the majority of the missing rRNA seg-
ments (Sharma et al. 2003).

The mammalian mitochondrial genome encodes for 13
proteins, 22 tRNAs, and two rRNAs, the latter being
components of small 285 and large 39S subunits of the
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55S mitochondrial ribosome (O’Brien 2002). Thus far,
RNA components encoded by the mitochondrial genome
are believed to be sufficient for mitochondrial translation
of the 13 structural genes coding for inner membrane
proteins essential for oxidative phosphorylation (Attardi
and Ojala 1971). An intriguing discovery that a significant
portion of nuclear DNA-encoded 5S rRNA is naturally
moved into mammalian mitochondria (Yoshionari et al.
1994; Magalhaes et al. 1998; Entelis et al. 2001) raised
questions about both the molecular mechanism of this
targeting and its biological significance. In our previous
study, we identified structural elements of 5S rRNA
serving as signals of its mitochondrial import, localized
in the proximal part of helix I and in the loop D-helix IV
region (Fig. 1A; Smirnov et al. 2008a). It had also been
hypothesized that these regions correspond to binding
sites with protein factors recruited to transport the RNA
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to the organelles. One of these factors was identified as
the mitochondrial enzyme rhodanese (thiosulfate sulfur-
transferase), interacting with both a-domain and vy-do-
main regions of 5S rRNA, but binding mainly to the
proximal part of helix I (Smirnov et al. 2010). It has also
been shown that 5S rRNA import is critical for mito-
chondrial translation, suggesting that this molecule
might have a closer association with the organellar
genetic system expression than it had been traditionally
believed (Smirnov et al. 2010).

In this study, we identify the second protein factor
involved in both targeting of 5S rRNA and its intra-
mitochondrial function. We show that human mitochon-
drial ribosomal protein L-18 (MRP-L18), a homolog of the
Escherichia coli large ribosomal subunit protein L18, a
member of a protein family L18/eL5 embracing the most
conserved 5S rRNA-binding ribosomal proteins (Ban et al.

Ribosomal protein L5-

Figure 1. Mitochondrial ribosomal protein
binding site

L18, a member of the L18/eL5 family. (A)
The secondary structure of human 55 rRNA
and its main functional sites (Smirnov et al.
Main thodanese binding 2008a,b, 2010). (B) North-Western analysis
sie of HepG2 mitochondrial proteins for bind-
ing to human 5S rRNA. (Left) Coomassie
staining of mitochondrial or recombinant
proteins. (Panels 2-4) Autoradiograph of
proteins transferred to nitrocellulose mem-
brane after incubation with labeled human
58 rRNA, folded in the absence (to adopt
a branched conformation) or presence of
Mg>*, or containing deletion in the vy-do-
main (as indicated below the panels). The
asterisks indicate the band corresponding to
rhodanese (empty) or MRP-L18 (solid). The
last filter hybridized with the A78-98 5S
rRNA version was overexposed in compar-
ison with the first two [as indicated by (+)].
(C) Alignment of sequences of four mem-
bers of the L18/eL5 family of ribosomal
proteins from different kingdoms: E. coli
L18 (bacteria), Homo sapiens MRP-L18
(mammalian mitochondria), H. sapiens L5
(mammalian cytosol), and Haloarcula mar-
ismortui L18 (archaea). Alignment was
done according to Koc et al. (2001b) and
Woestenenk et al. (2002) and corrected
manually. Secondary structure elements
are mapped according to H. marismortui
116 and Thermus thermophilus L18 structures.
e Universally conserved positions are in red,
those shared by three out of four sequences
Helix il are in blue, and those shared by two out of
Helbx it four sequences are in green. The preMRP-

L18 presequence is given in black italic.

The N-terminal helix predicted by Psipred

(Bryson et al. 2005) and Porter (Pollastri and

McLysaght 2005) software for MRP-L18 is

framed in a blue box. Numbers below

determinants

to the internal promoter

sequences represent 5S rRNA nucleotides implicated in interactions with corresponding H. marismortui L18 protein residues.
Conserved arginine residues in the N-terminal part of the protein are indicated by arrows. (D) Superposition of three structural models
developed by Geno3D2 (Combet et al. 2002) for MRP-L18 (residues 56-170) and ribosomal protein L18 of Th. thermophilus (residues

25-115).
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2000; DiNitto and Huber 2001), has been adapted to bind
human cytosolic 5S rRNAs. In cytosol, this binding can
induce the conformational change needed for the 5S
rRNA to be recognized by rhodanese. Thus, rhodanese
and the cytosolic precursor of MRP-L18 function in a
molecular conveyor, allowing an efficient uptake of
cytosolic 5S rRNA molecules and their redirecting into
mitochondria. Imported into mitochondria and pro-
cessed, mature MRP-L18 retains the capacity of interac-
tion with the imported 5S rRNA. Finally, for the first
time, evidence has been obtained that the cytosolic 5S
rRNA is associated with the mammalian mitochondrial
ribosome, which can be a new adaptive mechanism in
cytoplasm—mitochondria cross-talk.

Results

Mitochondrial ribosomal protein L18 binds
the cytosolic 58 rRNA

In our previous work, we have shown that, for its import
into human mitochondria, 5S rRNA needs at least two
soluble protein factors, one of which was identified as
rhodanese (Smirnov et al. 2010). Interestingly, rhodanese
was found to bind to 5S rRNA only if the latter is folded
into an unusual “branched” conformation, suggesting
that an unknown upstream factor with an RNA chaper-
one activity should be implicated. Having expected its
association with mitochondria, we analyzed the total
mitochondrial protein extract from HepG2 human cells
for the presence of 5S rRNA-binding proteins using
North-Western analysis (Fig. 1B). Several proteins were
found to possess the 5S rRNA-binding activity. One of
them (~33 kDa) might correspond to rhodanese (Fig. 1B,
panel 2). However, the most prominent signal of interac-
tion with labeled human 58 rRNA was detected for a set of
proteins migrating in the area of 18-20 kDa. This gel area
is extremely heterogeneous, and more than one component

5S rRNA import and function inside mitochondria

may be responsible for the signal observed in North-
Western experiments (indeed, a huge majority of mitor-
ibosomal proteins migrate in this area, especially in such
a loose gel). Among mitochondrial proteins of this size,
one of the most obvious candidates was the ribosomal
protein MRP-L18. MRP-L18 was chosen for further de-
tailed investigation mainly since, among all mitochon-
drial proteins of this size, it belongs to the family of the
best conserved 5S rRNA interactors. To test this possi-
bility, we purified recombinant MRP-L18 and demon-
strated that it migrates in the same 18- to 20-kDa area
of SDS-PAAG and can interact with labeled human 58
rRNA in the conditions used for North—-Western analysis
(Fig. 1B, panel 3). Moreover, detected interaction was
not due to nonspecific RNA-binding properties shared by
most of ribosomal proteins, since a mutant version of 55
rRNA containing a deletion in the y-domain (Fig. 1A;
Table 1) has lost the ability to bind recombinant MRP-L18
that also correlated with a visible decrease of interaction
with 18- to 20-kDa mitochondrial proteins (Fig. 1B, panel
4). A band with a similar size was still detected in mito-
chondrial lysate; so far, since this is a complex mixture of
proteins (see above), one cannot be affirmative concerning
the identity of the protein(s) giving the signal in this case.
Nevertheless, these data indicate that the ribosomal pro-
tein MRP-L18 might be at least one of the human mito-
chondrial proteins detected on our preparation capable of
binding cytosolic 5S rRNA.

Identified recently as a component of the large subunit
of mammalian mitochondrial ribosome, MRP-L18 was
described as a homolog of prokaryotic protein L18, a
member of the L18/eL5 family, on the basis of a sequence
alignment (Koc et al. 2001b; Rorbach et al. 2008). The
current proteome analysis of mammalian mitochondrial
ribosome suggests that the mitochondrial homologs of
other 5S rRNA-binding proteins (L5 and L25) are missing
(Sharma et al. 2003). Since some doubts were har-
bored about the putative affinity of MRP-L18 to 5S rRNA

Table 1. Comparison of 58 rRNA-binding properties of MRP-L18 and its N-terminal and C-terminal portions

C-terminal portion

N-terminal portion (residues 80-180),

Full-size (residues 1-79), common for proteins
5S rRNA version MRP-L18 MRP-L18-specific of the L18/eL5 family
Human 5S rfRNA 0.85 10 2.2
E. coli 58 rRNA 23 13 0.5
Mutation in the B-domain of human 5S rRNA;

substitution of helix IIT and loop C for a

heterologic sequence® 0.95 3 0.2
Mutation in loop A of human 5S rRNA, AC10, AU12 1.25 10 3.6
Mutation in the a-domain of human 5S rRNA, G7U, 5

G8A, CoU 9 1.2
Helix IV-loop D deletion in the y-domain of human NBP NBP 1.1

55 rRNA, A(78-98)

Dissociation constants (in nanomoles) of corresponding complexes are provided, measured by Scatchard analysis (see also Fig. 2). The
numbers represent the mean values of at least three independent measures; the error was <5% in all cases. The numbers presented in

Figure 2 are given as corresponding to particular experiments presented in the corresponding panels.
“Nucleotides 23-48 of human 5S rRNA were replaced by 13 nucleotides: AAGUAAGCACUGU.
P(NB) Not bound; the interaction is too weak to be measured reliably.

GENES & DEVELOPMENT 1291


http://genesdev.cshlp.org/
http://www.cshlpress.com

Downloaded from genesdev.cship.org on August 29, 2017 - Published by Cold Spring Harbor Laboratory Press

Smirnov et al.

(Koc et al. 2001b), we decided to readdress this question in
a more detailed way.

Prediction of the tertiary structure of MRP-L18
by Geno3D2 (Combet et al. 2002) and 3D-JIGSAW
(Contreras-Moreira and Bates 2002) software reveals
conservation of the structural core characteristic of the
family: a four-stranded anti-parallel B-sheet and a bundle of
three a-helices (Fig. 1C,D). Since this new alignment brings
together four representatives of major domains of life that
have certainly diverged upon evolution, we observe the
appearance of multiple gaps. For comparison, when very
similar animal MRP-L18s were aligned against E. coli L18
only (Koc et al. 2001b), the number of gaps was quite low,
indicating a much closer relationship between bacterial
and mitochondrial representatives of the family. Another
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important reason for gapping was the use of a structure-
based approach, meaning that not only were sequence
similarities taken into consideration, but also secondary
structure elements’ distribution was respected. For this, we
used structural information available for bacterial and
archaeal L18s and secondary and tertiary structure pre-
dictions for MRP-L18. After realignment of sequences,
the conserved arginine residues of the N-terminal part
of the protein needed for the interaction with 5S rRNA
(Furumoto et al. 2000) and ignored in previous work (Koc
et al. 2001b) were also detected (Fig. 1C).

To directly address the RNA-binding properties of
MRP-L18, gel shift assays followed by Scatchard plot
analyses were performed (Fig. 2; Table 1). Surprisingly,
MRP-L18, as well as its precursor form, preMRP-L18
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Figure 2. 5S rRNA-binding properties of MRP-L18. (A) Scatchard plot determination of dissociation constants for complexes between
MRP-L18 and 5S rRNA versions. Human 58 rRNA mutants used were mutation in loop A (AC10 and AU12), mutation in the a-domain
(G7U, G8A, and C9U), mutation in the B-domain (a substitution of helix IIl and loop C for a heterologous sequence) (Table 1), and
mutation in the y-domain [A(78-98)]. The complex is labeled with an arrow. (B,C) An example of Scatchard plot determination of
dissociation constants for complexes between the N-terminal (residues 1-79) (Ieft panel) or C-terminal (residues 80-180) (right panel)
portions of MRP-L18 and human 5S rRNA versions G7U, G8A, C9U, and A(78-98) (see also Table 1). One micromolar and 40 nM

purified protein were used, respectively.
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(data not shown), was able to interact with both human
(eukaryotic type) and E. coli (bacterial type) 5S rRNAs,
although with different affinities—the human 5S rRNA
appearing to be a better ligand (Fig. 2A; Table 1). In order
to localize MRP-L18-binding sites on human 5S rRNA,
we measured dissociation constants of complexes be-
tween MRP-L18 and several mutated versions of human
55 rRNA (Table 1). These mutations, although not
identical to those described in other studies, were created
to disrupt, exchange, or delete the structural elements
previously shown to be involved in L18 or eL5 binding in
both structural (Ban et al. 2000; Woestenenk et al. 2002)
and biochemical (Aoyama et al. 1984; Huber and Wool
1984; Scripture and Huber 1995; Gongadze et al. 2001)
studies. Mutations in the B-domain and loop A—sites
normally responsible for interaction of 5S rRNA with
L18/eL5 proteins (Ban et al. 2000)—did not significantly
influence the binding. In contrast, the helix IV-loop D
deletion in the y-domain of human 5S rRNA drastically
inhibited interaction (Figs. 1B, 2A), indicating that this
element, identified previously as one of the 5S rRNA
mitochondrial import determinants (Fig. 1A), represents
the binding platform for MRP-L18.

Unlike other members of the eL5/L18 family, the
N-terminal domain of MRP-L18 is mostly disordered
(as predicted by Psipred [Bryson et al. 2005] and Porter
[Pollastri and McLysaght 2005] software) and contains
only one long «-helix (Fig. 1C). These particular fea-
tures encouraged us to compare 5S rRNA-binding
properties of the C-terminal portion of the protein
(residues 80-180) with those of the N-terminal part
(residues 1-79). It appeared that both of them have
affinity to 5S rRNA (Fig. 2B,C; Table 1), but a clear
distribution of functions between these two parts of the
protein was evident. Whereas the C-terminal part,
inherited from a bacterial ancestor, provides a rather
strong affinity to all types of 5S rRNA (even the
v-domain mutant is bound by it) (Table 1), the mito-
chondria-specific N-terminal extension of MRP-L18
seems to be responsible for discrimination between
mutant 5S rRNA versions, thus conferring to the whole
protein the ability to bind the cytosolic 5S rRNA in
anoncanonical way. One cannot, in principle, exclude the
possibility that the C terminus’s behavior may be a conse-
quence of contamination. Indeed, the preparation of this
protein was not absolutely free of copurifying proteins
(although it was very highly enriched). Still, differences in
K4 observed for various 5S rRNA versions (Table 1) and
the very range of these values, which are close to those
observed for highly purified full-size MRP-L18 protein,
permit us to neglect the possibility of nonspecific associ-
ation with contaminants.

PreMRP-L18 and rhodanese form the minimal
58 rRNA mitochondrial import vehicle

As demonstrated above, the binding site for MRP-L18
coincides with one of the 5S rRNA mitochondrial im-
port determinants (Fig. 1A; Smirnov et al. 2008a). It raised
the question of a possible involvement of preMRP-L18

5S rRNA import and function inside mitochondria

in the process of 5S rRNA transport to mitochondria. To
address it, the standard in vitro 5S rRNA import assay
(Entelis et al. 2001) was used (Fig. 3A). Isolated human
mitochondria were coincubated with radioactively la-
beled 5S rRNA in the presence of ATP and protein
factors of interest. The efficiency of 5S rRNA uptake
by mitochondria was evaluated by measuring the radio-
active signal of the imported RNA, all nonimported
molecules having been destroyed by RNase treatment.
When taken separately, rhodanese and preMRP-L18
failed to direct 5S rRNA import. But, when the combi-
nation of both proteins was assayed, the level of 5§
rRNA mitochondrial uptake was comparable with that
obtained with crude protein preparation. Furthermore,
the import efficiency was clearly dependent on the pre MRP-
L18 concentration (Fig. 3A,B). Thus, the minimum in
vitro system of 5S rRNA import into human mitochon-
dria was reconstituted by combining purified rhodanese
and preMRP-L18. It should also be noted that, like
rhodanese (Smirnov et al. 2010), preMRP-L18 does not
need 5S rRNA for its own targeting into mitochondria
(Supplemental Fig. S1).

To further confirm preMRP-L18 as a 5S rRNA mito-
chondrial import factor in vivo, we studied the depen-
dence between expression levels of the protein and the
amount of 5S rRNA inside mitochondria in living
human cells. For this, expression of preMRP-L18 was
partially inhibited by transient transfection of HepG2
cells with specific siRNAs, and the effect of this in-
hibition on 5S rRNA import was studied (Fig. 3C).
Although the efficiency of silencing was low, a good
correlation between the intracellular level of preMRP-
L18 and the mitochondrial level of 55 rRNA was
observed. Decrease of preMRP-L18 expression led to
a proportional fall of 5S rRNA import, while restoration
of its expression in 10 d after the last siRNA transfection
coincided with an equally proportional increase of 5S
rRNA in mitochondria. Neither transcription of mito-
chondrial DNA nor the overall cellular 5S rRNA level
was affected, indicating that the effect of the short-term
protein’s withdrawal on the 5S rRNA level inside mito-
chondria was specific. This result allows us to suggest
that preMRP-L18 is indeed involved in 5S rRNA mito-
chondrial import and/or stabilization in vivo. As
expected, the changes in the MRP-L18 and 5S rRNA
mitochondrial levels were associated with a correspond-
ing decrease/restoration of the general mitochondrial
translation activity (Fig. 3C).

PreMRP-L18 and rhodanese function in a molecular
chaperone conveyor to ensure mitochondrial
58 rRNA targeting

Rhodanese and preMRP-L18 interaction sites on 5S
rRNA partially overlap. Indeed, we have shown pre-
viously that deletion of the y-domain import determi-
nant leads to a >200-fold increase in the Ky of the
rhodanese-5S rRNA complex. This is why we suggested
that this region functions as an additional binding
platform for rhodanese, although the a-domain site
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remains critical for the interaction (Smirnov et al.
2010). At the same time, the y-domain also serves as
the preMRP-L18-binding platform (Fig. 1A). Therefore,
two questions arise: (1) How do the two precursor pro-
teins bind 5S rRNA prior its import into mitochondria?
(2) How do their mature forms interact with 5S rRNA
inside mitochondria?

To address these questions, we studied 5S rRNA
behavior in the two-protein system by the mobility shift
approach (Fig. 4A,B). Two situations were examined. In
the first one, human 55 rRNA was incubated with both
proteins in their precursor forms (preMRP-L18 and mis-
folded rhodanese) (Smirnov et al. 2010). With the increase
of rhodanese concentration (Fig. 4A, right panel), its
complex with 58 rRNA was sharply increased until
saturation, whereas the complex with preMRP-L18 suf-
fered a gradual decline. Noteworthy, in the presence of
preMRP-L18, the rhodanese/5S rRNA complex was
formed with a more than an order higher efficiency than
with rhodanese alone (Fig. 4A, middle panel). But the
most striking feature was that, with the increase of
preMRP-L18 concentration, the 5S tfRNA-preMRP-L18
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range of values obtained in two independent
experiments.

complex was not increased, but, rather, the 5S rRNA-
rhodanese one was, gradually appearing as more prom-
inent (Fig. 4A, left panel). Such a pattern is characteristic
for consecutive reactions, indicating that the first protein
(preMRP-L18) binds to the substrate (5S rRNA) and then
transfers it to the second protein (rhodanese). No ternary
complex between the RNA and both proteins could be
observed, which means that this intermediate state, if
any, is short-lived, while the transfer rate is high. These
results enabled us to elaborate a kinetic model revealing
the sequential two-step mechanism of 5S rRNA transfer
(see Supplemental Fig. S2; Supplemental Material for
details). The preMRP-L18/rhodanese system appears to
function as a very fast conveyor, which can ensure an
efficient uptake of 5S rRNA molecules by preMRP-L18
(ky = 4 x 10° M~ ! sec™?!, 25°C), followed by a rapid
discharge on the recipient protein, rhodanese (ky =5 X 107
M~ sec}, 25°C).

The situation described for cytosolic forms of both 5S
rRNA import factors differs drastically from what was
observed when this RNA was found in the presence of
their mitochondrial forms (Fig. 4B). In this latter case, no


http://genesdev.cshlp.org/
http://www.cshlpress.com

Downloaded from genesdev.cship.org on August 29, 2017 - Published by Cold Spring Harbor Laboratory Press

5S rRNA import and function inside mitochondria

-
A B &
&
° o5
0 £ >
2> KN S ¥ Rhodanese,
o& & S o O T 095uM (ative)
§ o o & 3 W +MRP-L18
2 & 0 & o> S L
s Rhodanese, 05M 3 & & & preMRP-L18, 55nM Y EE el
¥ +preMRP-L18 ‘g?- ‘!.Q- P & + Rhodanese
S S & o of ok
A g e
i ® s 3 Ll = pnees

04 0,18 06
= )
Z 35| WRhodanese/sS £ 0 e WHENBELISS z
g rRNA complex £yl RIEEOMpIeX g 05
5 031 gpreMRP-L18/5S % 012 | ™ Rhodanese/5s % 04
£ 025 rRNA complex £ 0 1 rRNA complex, =
8 i 203
g o2 £ 0,08 | g
8 0,15 - S 006 | 8 02] /®MRP-L18/55 rRNA complex
3 o4 3 0‘04 ] 3 m Rhodanese/5S rRNA complex
g - E 0005 00 g o
E 005 £ o002 ‘ £ =
° 0 . — =g i i - p
0 50 0 100 200 0 10 20 30 40 50
Total preMRP-L18 concentration, nM Total rhodanese concentration, nM Total MRP-L18 concentration, nM
c D
0.12 e+~ Rhodanese orly I 37P-55 RNA
I pre-MPP-L18
0.1 CEFEERET  Non-labeled 55 rRNA, min
Rhodanese + 58
0.08 rRNA (standard)
g?. —%—Rhodanese + 55
© 0,06 rRNA(branched) -
< e e . st e | — 5S5-+pre-MRP-L18
—A—Rhodanese + MRP-
0,04 e
0,02 —e—Rhod +55 & & i g
RNA(standard) + ﬁ & *‘ﬁ — 55 1RNA branched
0 | MR, | ' - T MR |— 55 (RNA compact
0 5 10 s
Time, min
5
E & % offree RNA | _@-55 rRNA compact
S 100 4
&2 Qg"’ SR -#-5S rRNA branched
Input Lo & g\‘g 80 1
'
P& & £
&0 -
preMRP-L18 | ¢ - 40 1
MRP-L18 ﬁ A . 201
0«
5S rRNA, fmol 20 5 45 0 2 4 min

Figure 4. The conveyor mechanism of 5S trRNA binding by preMRP-L18 and rhodanese. (A) Mobility shift assays of complexes formed
by 5S rRNA in the presence of increasing amounts of urea-denatured rhodanese (right panel) or preMRP-L18 (left panel) (with the
constant concentration of the second protein). Complexes with rthodanese and preMRP-L18 are marked with black and white arrows,
respectively. Rhodanese is present in all samples except “No protein” and “preMRP-L18.” Concentration dependences for both
complexes are shown below the corresponding autographs. Red columns correspond to the rhodanese/5S rRNA complex formed in the
absence of preMRP-L18. (B) Mobility shift assays of complexes formed by 5S rRNA in the presence of both native rhodanese and
increasing amounts of mature MRP-L18. Designations are the same as in A. (C) Rhodanese aggregation assays in the presence of 3 uM
5S rRNA in either the standard or the branched conformation (Smirnov et al. 2010), 3 pM preMRP-L18, or 3 uM 5S rRNA in the
standard conformation preincubated for 5 min with 3 pM preMRP-L18. (D) Release of labeled 55 rRNA from its complex with pre-MRP-
L18 in the presence of excess nonlabeled competitor 5S rRNA. The presence of the labeled RNA and protein and nonlabeled competitor
are indicated by gray bars above the panel, time of incubation is indicated inside the bottom bar, and the different forms of 55 rRNA are
indicated at the right. A quantification graph is shown below the autoradiograph. (E) Comparison of minimum in vitro 5S rRNA import
systems composed of urea-denatured rhodanese (10 pmol) and 0.5 pmol of either preMRP-L18 (top line) or mature MRP-L18 (bottom
line). Autoradiograph of imported (protected from nuclease cleavage) 5S rRNA is presented, as in Figure 3A.

5S rRNA-rhodanese complex was formed as a conse- shown previously (Smirnov et al. 2010). On the other
quence of the loss by rhodanese of RNA-binding activity hand, MRP-L18 has the same affinity to 5S rRNA as its
upon folding into its enzymatic conformation, as was precursor, and thus it remains the mitochondrial protein
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capable of interacting with the imported 5S rRNA in the
organelle. These data suggest the existence of an elegant
molecular mechanism, which implies an interplay be-
tween (pre)MRP-L18 and rhodanese during and after 5S
rRNA transport into mitochondria. It is clear that addi-
tional experimentation is needed to definitely validate
this model; so far, all results described above, as well in
vivo experiments hereafter, strictly corroborate it.

PreMRP-L18 function is 5§ rRNA folding
into import-competent conformation

As was shown previously, only a particular “branched”
conformation of human 5S rRNA is appropriate for
chaperone-like interaction with misfolded rhodanese
(Smirnov et al. 2010). We hypothesized that induction
of such a conformation could be a specific function of the
second import factor. Indeed, preMRP-L18 seems to be
well equipped to complete this function, since proteins of
the eL5/L18 family are known to have RNA chaperone
activity in bacterial, archaean, and eukaryotic cells (Pace
et al. 1984; DiNitto and Huber 2003; Semrad et al. 2004;
Scripture and Huber 2011), and the distribution of in-
trinsic disorder regions in preMRP-L18 essential for
performing such a task (Tompa and Csermely 2004,
Kovacs et al. 2009) closely follows that in bacterial L18
(Supplemental Fig. S3).

Our data show that preMRP-L18 ensures a much more
efficient binding of 5S rRNA by rhodanese (Fig. 4A).
Therefore, we hypothesized that preMRP-L18 might bind
to 55 rRNA and confers to it a more open conformation
recognized by misfolded rhodanese. Thus, two consecu-
tive chaperoning events may take place: 5S rRNA folded
by preMRP-L18 then becomes a chaperone for misfolded
rhodanese. We modeled this situation in the rhodanese
aggregation assay (Fig. 4C). Such an approach was used
since apparent dissociation constants, as measured by
standard titration curves, have no significant difference
between the two 5S rRNA forms, meaning that electro-
phoretic mobility shift assay (EMSA) does not reveal any
preference for either form. Still, our previously described
aggregation assay (Smirnov et al. 2010) indicates that
there is an important functional difference between com-
plexes formed in each case, with only 55 IRNAFPTA being
protective against aggregation and showing cochaperone-
like behavior. Thus, we showed that the aggregation
suppression does depend on interaction between 5S
rRNA and rhodanese, because 55 rRNAFPTA molecules
mutated in any of the rhodanese-binding sites failed to
prevent the protein from aggregation (Smirnov et al.
2010). Therefore, in this particular situation, the aggre-
gation assay was considered more informative. Indeed,
of two 5S rRNA conformations—the standard and the
branched—only the second can suppress aggregation of
urea-denatured rhodanese (Fig. 4C). Still, if the 5S rRNA
in its standard conformation is briefly preincubated with
catalytic amounts of preMRP-L18, each of them being
inactive when taken separately, rhodanese aggregation
becomes partially suppressed and even tends to be
slightly reversed after 7 min of incubation, suggesting
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that the chaperone-active 5S rRNA form has been gener-
ated in this system.

To obtain further experimental evidence of the chap-
erone-induced conformational changes of 5S rRNA upon
interaction with preMRP-L18, we developed an EMSA
specially adapted for this purpose. Our earlier experi-
ments showed that the branched conformation of human
5S rRNA is very unstable in solution (even if EDTA is
used to remove divalent cations), and within minutes
relaxes into the classic, compact form. Still, as we showed
previously, it was possible to detect the branched form
if rapid loading on a 10% Mg-free native gel was used
(Smirnov et al. 2010). Here, we monitor the situation
when complexes formed between Mg-folded 5S rRNA
and MRP-L18 in a Mg-free buffer were challenged by an
excess of unlabeled 5S IRNAMS (Fig. 4D). This is a routine
test in RNA chaperone studies (for example, Chaulk et al.
2011). The exchange thus initiated resulted in progres-
sive liberation of labeled 5S rRNA, and its mobility in
native gel was slower than that of 55 rRNAMS. Moreover,
accumulation of the compact conformation becomes evi-
dent in a few minutes of the chase, indicating that, even in
a Mg-free buffer, this branched conformation very rapidly
relaxes into the compact one. This experiment provides a
direct proof of MRP-L18 RNA chaperone activity.

We reasoned also that, if the preMRP-L18’s only func-
tion is folding 5S rRNA into an import-competent con-
formation recognized by rhodanese, then the mature
protein, which cannot enter mitochondria but has the
same 58 rRNA-binding activity, should be as active in
the mitochondrial import assay as its precursor. Indeed,
the minimum import system composed of thodanese and
processed mature MRP-L18 provided internalization of
5S rRNA by isolated mitochondria with the same effi-
ciency as the one composed of rhodanese and preMRP-
L18 described above (Fig. 4E). These data prove that
preMRP-L18 plays a mediator role in the 5S rRNA
mitochondrial import pathway, while rhodanese func-
tions as the carrier protein.

MRP-L18 interacts with 58S rRNA in vivo

To confirm the interaction of 5S rRNA and MRP-L18
protein in vivo, we performed the cross-linking immuno-
precipitation (CLIP) assay. To this end, HepG2 cells were
submitted to formaldehyde treatment and lysed in con-
ditions permitting the solubilization of mitochondrial
material, and the RNA content was analyzed in immu-
noprecipitates generated by anti-MRP-L18 antibodies
or—as control of nonspecific binding—anti-aldolase ones
(Fig. 5). It appears that anti-MRP-L18-generated immu-
noprecipitates do contain detectable and reproducible
amounts of 5S rRNA, which are not detected in anti-
aldolase-generated immunoprecipitates (Fig. 5A). Fur-
thermore, the same precipitates contain only trace
amounts of contaminant nuclear 5.8S rRNA, and no
difference for these trace amounts was observed in two
immunoprecipitates. Finally, no U3 snRNA was detected
in either immunoprecipitate. The efficiency of the test
was monitored by Western analysis (Fig. 5B). Indeed, for
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Figure 5. Interaction of MRP-L18 with 5S rRNA in vivo
analyzed by CLIP. (A) RNA isolated from the immunoprecipi-
tates by either anti-MRP-L18 or aldolase antibodies (as indicated
below the panels) obtained from HepG2 cells treated with
formaldehyde. Two percent of input, wash, and protein A
Sepharose flow-through fractions were loaded in the correspond-
ing slots. RNA was separated in a 10% urea gel and analyzed by
Northern hybridization with the 32P-labeled probes as indicated
at the left (the list of the probes is in the Supplemental Material).
(B) Western analysis of the immunoprecipitates. Two percent of
the input and 5% of the immunoprecipitates were analyzed. (C)
Analysis of the immunoprecipitates for the presence of various
rRNAs by dot hybridization. The probes are indicated above the
autoradiographs (and are listed in the Supplemental Material).
The schema of the analyzed RNA dotted on the membrane is
below the panel and its description is at the right. (w/o FA)
Without formaldehyde treatment. The top row is a quantitative
control with pure individual RNAs (T7-transcripts). The second
row shows 20% of inputs (RNA isolated from an aliquot of lysed
cells). The third row shows 20% of the protein A Sepharose
washes. The fourth row shows the 50% of the RNA isolated
from the immunoprecipitates.

both immunoprecipitates, only the corresponding protein
was detected. These results demonstrate the validity of
the assay and indicate a specific interaction between
MRP-L18 and 5S rRNA in vivo.

We next attempted to check whether the same assay
could provide further information concerning the part-
ners of MRP-L18 and 5S rRNA. The precursor preMRP-
L18 is expected to be present in low amounts in the
cytosol, being rapidly imported and converted into the
mature form in mitochondria, where it is presumably
localized in mitochondrial ribosome large particles. We

5S rRNA import and function inside mitochondria

therefore analyzed the obtained immunoprecipitates for
the presence of mitochondrial 128 and 16S rRNA by dot
hybridization. In this experiment, immunoprecipitates
were obtained by formaldehyde treatment of isolated
mitochondria, in the hope of enriching mitochondria-
related material. As one can see in Figure 5C, 5S rRNA
was identified by this method as well, along with detect-
able amounts of both 12S and 16S rRNAs. As in the
experiment above, 5.8S rRNA was not detected in any
immunoprecipitate, nor were mitochondrial rRNAs
detected in anti-aldolase ones, demonstrating the speci-
ficity of the assay. Minor amounts of 16S rRNA could be
detected in the immunoprecipitates without cross-link-
ing, which may be explained by the coprecipitation of
large ribosomal subunits by anti-MRP-L18 antibodies.
These results indicate a close association of all the three
rRNA species, and therefore suggest that the imported 55
rRNA might be associated with the mitochondrial ribo-
some. The results obtained lead us to the more detailed
investigation of the possible 5S rRNA association with
mitochondrial ribosomes.

58 rRNA imported into mitochondria is associated
with mitochondrial ribosomes

The question of possible integration of the imported 5S
rRNA into mitochondrial mammalian ribosomes was
debated from the very discovery of the import process
(Magalhaes et al. 1998; Koc et al. 2001b). Although it
seems generally accepted that the cytosolic 5S rRNA is
absent from mammalian mitoribosomes, such a conclu-
sion is based on only two pieces of experimental evidence
(Koc et al. 2001b; Sharma et al. 2003). In the first study
(Koc et al. 2001b), 39S large mitoribosome subunits
obtained in low-magnesium conditions were used. It is
known though, that, after such a treatment, 5S rRNA-
protein complexes are quantitatively liberated from ribo-
somes of eukaryotes (Blobel 1971), bacteria (Horne and
Erdmann 1972), and archaea (McDougall and Wittmann-
Liebold 1994). It should be also noted that, although
MRP-L18 was first identified in this study, it seems
utterly depleted since only one peptide was found. (For
comparison, a much milder and more rapid protocol of
coimmunoprecipitation of mitochondrial ribosomes from
human mitochondrial lysates allowed us to obtain prep-
arations in which MRP-L18 is reproducibly identified as
a major protein by at least three peptides [Rorbach et al.
2008; Richter et al. 2010].) The second study concerns
cryo-electronic images of mammalian mitoribosomes
obtained in a long isolation procedure followed by sorting
of projections (Sharma et al. 2003). The resulting picture
shows an abnormal morphology of the central protuber-
ance, which, in particular, did not allow us to fit MRP-
L18 and some other proteins into the electronic density
map (Sharma et al. 2009).

Our finding of the specific 5S rRNA-binding activity of
MRP-L18 and the previously reported stoichiometry
between the imported 5S rRNA and mitochondrial ribo-
somes in human cells (Entelis et al. 2001) encouraged us
to readdress this question. To this end, we first used the
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standard protocol of isolation of mitoribosomes from rat
liver. To get rid of the standard contaminant of mito-
chondrial preparations—cytosolic ribosomes attached to
the outer membrane—we pretreated mitochondria with
increasing concentrations of RNase A and then performed
ribosome sedimentation from the cleared mitochondrial
lysate. rRNA content analysis of the resulting preparations
was then performed (Fig. 6), showing that, although 5.8S
rRNA (large cytosolic subunit) and 18S rRNA (small cy-
tosolic subunit) were quantitatively removed by RNase
treatment, 5S TRNA as well as 12S and 16S mitochondrial
rRNAs were perfectly preserved and cosedimented in a frac-
tion corresponding to mitoribosomes (Koc et al. 2001Db).
In a search for a milder isolation procedure, we turned
to the coimmunoprecipitation protocol that appears to
be optimal for detailed component analysis of functional
mammalian mitoribosomes (Rorbach et al. 2008;
Richter et al. 2010). We therefore isolated mitochondria
from HEK293T cells expressing the Flag-tagged peptidyl
hydrolase ICT1, a constitutive component of the mito-
chondrial large ribosomal subunit (Richter et al. 2010).
The coimmunoprecipitate, containing at least several
large subunit ribosomal proteins detected by mass
spectrometry (Supplemental Table S1), was then ana-
lyzed for its rRNA content (Fig. 7). Once again, 5S,
together with 128 and 16S rRNAs, was identified, while
5.8S and 18S, although present in the mitochondrial
lysate, were not coimmunoprecipitated with mitochon-
drial ribosomes. The control experiment performed with
the same cell line without induction of expression of
Flag-ICT1 did not permit us to detect any 5S rRNA (or
any other one tested) in the immunoprecipitate, indi-
cating that the assay was protein-specific (Supplemental
Fig. S4). Quantitative analysis indicates that the 16S
rRNA was more abundant, which is consistent with the
predominance of large mitoribosomal subunits in this
preparation. 5S rRNA and 12S rRNA were present in the
eluate in equimolar amounts (Fig. 7B), indicating that 5S
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Figure 6. Cytosolic 5S rRNA is detected in rat mitochondrial
ribosomes. Dot blot Northern hybridization of RNAs isolated
from crude rat liver mitoribosomal preparations, pretreated with
various concentrations of RNase A. Hybridization probes are
indicated at the left of each panel (see the Supplemental
Material for sequences).
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Figure 7. Human mitoribosomes coimmunoprecipitated with
ITC1-Flag contain cytosolic 5S rRNA. (A) Dot blot Northern
hybridization of RNAs isolated from ICT1-Flag coimmunopre-
cipitated human mitochondrial ribosomes (IP, shown in the top
lines). (C) rRNA transcripts used as quantitative controls (0.2
pmol) are dotted in the bottom line of each panel. Hybridization
probes are indicated at the left. (B) Quantitative analysis of RNA
contents in ICT1-Flag coimmunoprecipitated human mitochon-
drial ribosomes.

rRNA can be dissociated from the large mitoribosomal
subunit during purification and immunoprecipitation
steps, but is detected in whole mitoribosomes in
amounts comparable with 12S rRNA.

In order to validate the above result by an independent
experiment, we analyzed ribosomes immunoprecipitated
from HEK293T cells overexpressing another mitochon-
drial Flag-tagged ribosomal protein, MRP-S27, a part
of a small ribosomal subunit (Koc et al. 2001a). The
coimmunoprecipitated material, devoid of cytosolic con-
tamination (5.8S and 18S rRNAs), contained all three
mitochondrial rRNAs: 12S, 16S, and 5S (Fig. 8). In
contrast to the ICT1-Flag immunoprecipitate, the 128
rRNA was largely more abundant, which is consistent
with the increased presence of small ribosomal subunits
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in this preparation. Nevertheless, the amounts of 5S and
16S rRNAs in the eluate were equimolar. This result is in
agreement with the analysis of the Flag-tagged ICT1
coimmunoprecipitate and favors the idea that cytosolic
5S rRNA can be present in mitochondrial ribosomes.

We note that, according to the above data, 5S rRNA
may be stably associated only with whole mitoribo-
somes, as confirmed by a strict equimolarity between
immunoprecipitated rRNAs observed in both experi-
ments. Thus, dissociation in subunits will probably
result in a loss of this component. In fact, linear sucrose
gradient sedimentation of mitoribosomes coimmuno-
precipitated with MRP-S27 allowed us to detect 5S
rRNA only in the peak corresponding most probably to
whole monomitoribosomes (Supplemental Fig. S5). We
can hypothesize that the interaction of MRP-L18 with
proteins of the small subunit of the mitoribosome
(shown for corresponding proteins in prokaryotic and
eukaryotic ribosomes) (Ban et al. 2000; Ben-Shem et al.
2010) is needed to stabilize the MRP-L18-5S rRNA
complex as a compound of the human mitochondrial
ribosome.

5S rRNA import and function inside mitochondria

Discussion

58 rRNA targeting to mammalian mitochondria:
role of protein factors

One can hardly imagine the existence of an RNA molecule
devoid of any protein partner in cells. Indeed, any RNA
fate and function depend on interacting proteins that are
essential for their stabilization, proper intracellular local-
ization, and, in most cases, function. Although this
paradigm has already become somewhat trivial, more
and more examples of protein-dependent RNA biogenesis
pathways do not cease to surprise us by their diversity and
versatility. This is especially the case for mechanisms of
RNA import into mitochondria described in a variety of
eukaryotes (for review, see Tarassov et al. 2007; Salinas
et al. 2008). Having emerged relatively late and indepen-
dently in different taxa, these mechanisms are distin-
guished by the particularly inventive approaches that the
cells use to move functional cytosolic RNA into the
mitochondrial compartment. Import of 55 rRNA into
mammalian mitochondria clearly stands apart in these
studies, most of which concern tRNA relocalization
events, beyond all doubt the most common case of RNA
import (Duchene et al. 2009). This is why deciphering its
mechanism and functional significance may become an
important contribution in the whole theory of RNA
localization in different compartments of the eukaryotic
cell.

After the synthesis of eukaryotic 5S rRNA, its every
relocalization event falls under the control of numerous
protein partners (Fig. 9). Interestingly, the most impor-
tant of them have pronounced RNA chaperone activi-
ties. Thus, 5S rRNA intracellular transport and even
functioning are accompanied by changes of its confor-
mation. For instance, newly synthesized 5S rRNA mol-
ecules are eventually bound by La and Ro proteins,
which, thanks to their putative RNA chaperone activi-
ties, participate in “quality control” of transcripts
(O’Brien and Wolin 1994; Shi et al. 1996). Once exported
from the nucleus in complex with TFIIA (Rudt and
Pieler 1996), 5S rRNA changes partners again to ribo-
somal protein L5, which binds the molecule (Steitz et al.
1988). Upon the interaction, conformations of both
partners suffer profound reorganization, leading to ex-
position of L5 nuclear localization signals and reimport
into nucleus, then into the nucleolus (DiNitto and
Huber 2003). Incorporation into nascent large ribosomal
particles and even reassociation of ribosome subunits do
not allow 5S rRNA to stay unchanged, since further
conformational changes during these steps were
reported (Shpanchenko et al. 1998). More recently, it
was demonstrated that the very capacity of 5S rRNA to
change its global structure is essential for performing its
functions inside translating ribosomes (Kouvela et al.
2007). Thus, the chaperone events appear to reign over
5S rRNA in every aspect of its molecular fate.

The scheme of intracellular traffic of mammalian 5S
rRNA appeared even more complicated after its import
into mitochondria had been discovered (Yoshionari et al.
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Figure 9. Hypothetic mechanism of intra-
cellular 5S rRNA traffic.
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1994; Magalhaes et al. 1998). The existence of two
mutually exclusive destinations for the same RNA raised
the question about the mechanism of its intracellular
distribution. It appeared that, once again, a sequential
chaperone-based vehicle was developed to remove a part
of the 5S rRNA cytosolic pool from its usual “channeled”
circuit and redirect it to the mitochondrial compartment
(Fig. 9). Previously, we mapped the signals of mitochondrial
localization of 5S rRNA (Fig. 1A), hypothesizing that they
may match binding sites for protein factors involved in
this pathway (Smirnov et al. 2008a). Indeed, recently, one
of these factors was identified as the mitochondrial en-
zyme rhodanese (Smirnov et al. 2010). Having a strong and
specific affinity to 5S rRNA, rhodanese was shown to bind
it cotranslationally, just like ribosomal protein eL5 does
(Lin et al. 2001). Functionally mimicking protein cocha-
perones involved in targeting of mitochondrial protein
precursors to the outer membrane receptors, 5S rRNA
thus ensures its own targeting to mitochondria. Recent
discovery of another protein factor, obviously implicated
at the stage of translocation through the inner mitochon-
drial membrane and identified as polynucleotide phos-
phorylase, substantially enriched our knowledge about
protein factors needed for RNA import in human cells
(Wang et al. 2010). However, the exact mechanism of RNA
translocation through the mitochondrial membranes
remained mostly unclear and awaited further elucidation.

It was shown that, for productive binding to rhodanese,
5S rRNA needs to be refolded into a “branched” confor-
mation, suggesting the requirement of an upstream pro-
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tein factor with pronounced chaperone activity (Smirnov
et al. 2010). In the present study, this factor was identified
as the precursor of mitochondrial ribosomal protein L18
(preMRP-L18). It appeared that this protein is ideally
adapted for performing such a function. Having a strong
and specific affinity to cytosolic 5S rRNA (Table 1), with
a dissociation constant close to that usually observed for
the eL5/5S rRNA interaction (Scripture and Huber 1995),
preMRP-L18 can efficiently compete with ribosomal
protein eL5 in order to intercept 5S rRNNA molecules
from the major circuit and redirect them to mitochondria
(Fig. 9, step indicated as “the first partner exchange”).

Upon formation of the noncanonical complex with
preMRP-L18, refolded 5S rRNA is rapidly discharged to
the second import factor, rhodanese, both proteins thus
functioning in a fast-rotating and unidirectional conveyor
(Figs. 4, 9). Thus, the minimum 5S rRNA mitochondrial
targeting protein vehicle has been established in this
study, explaining how this cytosolic RNA can be redi-
rected to mitochondria.

MRP-L18 and possible function of 5S rRNA
in mammalian mitochondria

Since no 5S rRNA genes can be found in mammalian
mitochondrial genomes, localization of cytosolic 5S
rRNA inside the organelles provoked a debate about its
possible involvement in mitochondrial translation. Until
now, no attempts to find a 5S rRNA inside mammalian
mitoribosomes were successful (Koc et al. 2001b; Sharma
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et al. 2003). Still, considerable evidence on its implication
in mitochondrial protein synthesis has been accumu-
lated. In particular, it was found that the number of 55
rRNA copies inside mitochondria matches that of mito-
chondrial ribosomes (Entelis et al. 2001). In our previous
work, we have shown that knockdown of one of the 5S
rRNA import factors, rhodanese, leads to not only a de-
crease of mitochondrial 55 rRNA level, but also the
general fall of mitochondrial translation (Smirnov et al.
2010). Moreover, the most conservative 5S rRNA-binding
partner, MRP-L18, was found to be a constituent of
mammalian mitochondrial ribosomes (Koc et al. 2001b;
Rorbach et al. 2008; Richter et al. 2010). It should be
noted that its presence is well correlated with that of 55
rRNA inside the ribosome in all known taxa (Smits et al.
2007). It appears that, in a majority (although not all) of
unicellular eukaryotes (and possibly all fungi), mitochon-
drial ribosomes are devoid of 5S rRNA. This component
was successfully replaced by newly acquired mitochondria-
and taxon-specific ribosomal proteins in Leishmania (see
Sharma et al. 2009). No homologs of L18 were identified in
yeast S. cerevisiae, Neurospora crassa, and protozoan
mitochondria (Gan et al. 2002, 2006; Zikova et al. 2008;
Sharma et al. 2009), confirming the correlation of L18’s
presence inside the ribosome with that of 5S rRNA.

Here we show that human MRP-L18, being a prokary-
otic-type 5S rRNA-binding protein, not only preserves its
5S rRNA-binding activity, but interacts efficiently with
the cytosolic, eukaryotic-type 5S rRNA. From both
structural and functional points of view, MRP-L18 repre-
sents quite a usual combinatory way of evolving ubiqui-
tously found in the L18/eL5 family. Its core structure,
composed of a B-sheet and a bundle of helices, appears to
be well conserved and represents an ancient general
RNA-binding domain (Yaguchi et al. 1984; Woestenenk
et al. 2002). On the contrary, N-terminal extensions of
L18/eL5 family proteins show a much greater diversity,
making every member of the group unique and particu-
larly well adapted for binding its proper substrate (Nazar
et al. 1979; Newberry and Garrett 1980; Woestenenk
et al. 2002). Always of moderate size, N-terminal exten-
sions harbor elements responsible for specificity of
interaction with 5S rRNA (note an especially dense
interaction map for the N-terminal portion of the L18
protein in Fig. 1C), as well as some other functional
elements like nuclear or mitochondrial localization sig-
nals or unstructured regions for chaperone-like binding to
5S rRNA (Fig. 1C; Supplemental Fig. S3; Rudt and Pieler
1996; Lin et al. 2001; DiNitto and Huber 2003). MRP-L18
has acquired a very specific N-terminal extension, which
seems to be essential for the formation of a noncanonical
complex with cytosolic 5S rRNA (Table 1).

This fact encouraged us to readdress the question of the 5S
rRNA’s presence inside mammalian mitoribosomes. Using
milder and more rapid protocols of purification, we were able
to show that it was indeed present in the rat liver and human
mitochondrial ribosomes as a quasi-stoichiometric compo-
nent, suggesting that previous unsuccessful attempts to
localize it inside were compromised by a very labile associa-
tion of this molecule with the core of the large subunit.

5S rRNA import and function inside mitochondria

Thus, it appears that the entire 5S rRNA mitochondrial
import pathway serves finally the same goal as its
cytosolic counterpart: to direct a 5S rRNA molecule to
the place of assembly of ribosomal subunits. Remarkable
is the mirroring parallelism of both pathways, which
depend on binding to either a eukaryotic or bacterial-type
member of the same family of ribosomal proteins,
inducing certain conformational changes in 55 rRNA
and using their nucleolar or mitochondrial localization
signals to deliver 5S rRNA to nascent ribosomes of the
corresponding cellular compartment (Fig. 9). This repre-
sents the new example of an adaptation mechanism
developed by eukaryotic cells to reinforce control over
the mitochondrial genetic system. If one takes into
account that the MRP-L18 protein is encoded in the
genomes of most animals, including Caenorhabditis
elegans (Koc et al. 2001b), it seems probable that this
situation might be generalized over all of the kingdom.

What is the function of 5S rRNA inside mitoribo-
somes? Although a thorough analysis is needed to estab-
lish it directly, one may suppose that it does not differ
much from the canonical one (Bogdanov et al. 1995;
Smith et al. 2001; Kiparisov et al. 2005). Indeed, although
the large mitochondrial 16S rRNA suffered a drastic
reduction in size and an extensive loss of structural
elements compared with its prokaryotic counterpart,
every single helix implicated in the 5S rRNA-dependent
intraribosomal signal transduction (H80, H89, H39, H91,
H92, and H95) is perfectly preserved, suggesting that this
regulatory system still exists in the mitochondrial large
ribosomal subunit.

Materials and methods

58 rRNA manipulations

All of the 5S rRNA variants used are described in detail in
Smirnov et al. (2008a) and are also listed in Table 1. Correspond-
ing PCR-generated genes were transcribed in vitro using the
T7 RiboMAX Express Large-Scale RNA Production System
(Promega), resulting in transcripts purified by denaturing urea-
PAGE. For the branched and standard conformations, 5S rRNA
was incubated for 1 min at 100°C in 10 pL of either 1 mM MgCl,
(to obtain “compact” 58 TRNAME) or 1 mM EDTA (to obtain
“branched” 55 IRNAEPTA) (Smirnov et al. 2010). Then, the RNA
was cooled to 4°C and immediately loaded on the running native
10% PAAG (0.5X TBE, 5% glycerol) to minimize rapid confor-
mational changes of the RNA.

In all experiments in which it was not specified, the 5S
rRNAMS form was used.

Rhodanese manipulations

Bovine liver rhodanese (Sigma) was stored in 50 mM Tris-HCl, 20
mM DTT, and 50 mM sodium thiosulfate (pH 7) at —80°C. Urea-
denatured rhodanese was prepared and the aggregation assay was
performed as described in Silberg et al. (1998) and Smirnov et al.
(2010).

Precursor and mature forms of MRP-L18

Precursor and mature forms of MRP-L18 as well as its N-ter-
minal (residues 1-79) and C-terminal (residues 80-180) portions
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were Hisg-tagged on their C termini, expressed, and purified from
E. coli cells.

Import of 5S rRNA into isolated human mitochondria

Human mitochondria were isolated from HepG2 cells as de-
scribed in Gaines and Attardi (1984) and Entelis et al. (2001) using
buffer containing 0.6 M sorbitol, 10 mM HEPES-NaOH (pH 7.0),
and 1 mM EDTA. The standard RNA import assay was per-
formed as described (Entelis et al. 2001). For this, mitochondria
were incubated with [*?P]-y-ATP-labeled T7 transcripts in the
presence of purified rthodanese and/or (pre)MRP-L18, ATP, and
a phosphoenolpyruvate kinase system for 10 min at 37°C (linear
phase of RNA uptake). The RNA uptake step was followed by
mitochondria repurification, RNases treatment to eliminate all
of the external RNA, washing, and RNA isolation from repuri-
fied mitochondria. Imported RNAs were analyzed by PAGE in
10% polyacrylamide gels containing 8 M urea; quantification of
results was done by a Typhoon-Trio scanner using ImageQuant-
Tools software (GE Healthcare). To estimate the import effi-
ciency, 50 fmol of corresponding 32P-labeled RN A was loaded on
the same gel. All 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
labeled RNA that had been penetrated into the mitochondrial
matrix and did not degrade there in 1 h. In all experiments,
negative controls without mitochondria or proteins were per-
formed to confirm the absence of protein-RNA aggregation.

EMSA

Purified [**P]-labeled RNA (0.1-10 nM) was denatured at 100°C
in the presence of 1 mM MgCl,, then slowly cooled to room
temperature. It was then incubated with rhodanese and/or
(pre)MRP-L18 in 20 mM Tris-HCI, 100 mM NaCl, and 5 mM
MgCl, (pH 7.0) for 10-15 min. The resulting complexes were
analyzed by electrophoresis in 8% PAAG, 0.5X TBE, and 5%
glycerol in 0.5X TBE buffer at 10 V/cm at 4°C followed by
Typhoon-Trio (GE Healthcare) scanning and quantification.

The standard Scatchard plot construction and analysis are
described in Henis and Levitzki (1976). For this, several (at least
six) standard EMSA reactions were performed in which the
protein concentration was constant (0.45 puM) and the concen-
tration of labeled RNA varied in a range from 10 nM to 12.5 pM.
Resulting autoradiographs were analyzed by an ImageQuantTL
package, and the signals corresponding to bound and free RNA
were measured. The Scatchard plot is a linearized form of
binding curve described by the equation

[Bound RNA]
[Free RNA] ~

[Bound RNA]
Ky :

where [Bound RNA]| and [Free RNA| are molar equilibrium
concentrations of the RNA-protein complex and free RNA,
respectively, and a is a constant. Thus, the linear regression of
experimental data allows a calculation of the dissociation
constant Kj.

In some cases, Scatchard plots were nonlinear: A concave curve
indicates the presence in protein preparation of multiple binding
sites with different affinities; in this case, the accurate determi-
nation of Ky is difficult, and curve decomposition usually allows
only approximate K4 estimation. Here we provide only average
estimated values for such cases. An asymptotic approach of the
curve to the X-axis at high [Bound RNA] values is a natural trait of
Scatchard plots caused by the impossibility of accurately measur-
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ing the ordinate in this area because of too low [Free RNA]; this
area was excluded from analysis. At very low [Bound RNA] values,
the ordinate tends to fluctuate; this is again a natural consequence
of the impossibility of accurately measuring [Bound RNA], and
this area was also excluded.

The specially designed EMSA assay for MRP-L18 chaperone
capacity analysis was set up as follows: Mg-folded 32P-labeled 5S
rRNA (7.5 nM) was incubated with recombinant preMRP-L18
(0.6 uM) for 20 min at 20°C, and the 50-fold excess of unlabeled
Mg-5S rRNA was added. The chase continued for 1-5 min at
20°C, and aliquots were loaded on the running native 10% PAAG
(0.5 TBE, 5% glycerol) to minimize rapid conformational
changes of the RNA.

Silencing of the MRPL-L18 gene

Silencing of the MRPL-L18 gene was ensured by consecutive
transfections of HepG2 cells spaced by 3 d with a mixture of
three cognate siRNAs (Santa Cruz Biotechnology) in accordance
with the manufacturer’s protocol. For control, cells were trans-
fected with siRNAs against Luciferase mRNA, as described in
Kolesnikova et al. (2004), or mock-transfected (without siRNA).
The level of preMRP-L18 expression was tested by Western blot
analysis with MRP-L18-directed polyclonal mouse antibodies
(Abcam). In agreement with the manufacturer’s specifications,
these antibodies recognize two proteins in total cellular lysate,
with the upper band being nonspecific and the lower one
corresponding to MRP-L18. Therefore, only the lower one was
quantified in silencing experiments (Fig. 3C). Mitochondria were
isolated and purified as described in Gaines and Attardi (1984),
and treated with RNase A and digitonin to remove nonspecifi-
cally attached RNAs. Total and mitochondrial RNAs were iso-
lated with TRIZol reagent (Invitrogen) and analyzed by Northern
blot hybridization (see the Supplemental Material for hybridiza-
tion probes).

Predictions of the tertiary structure of MRP-L18

Predictions of the tertiary structure of MRP-L18 were performed
with the help of Geno3D2 (Combet et al. 2002), 3D-JIGSAW
(Contreras-Moreira and Bates 2002), Psipred (Bryson et al. 2005),
and Porter (Pollastri and McLysaght 2005) software.

CLIP

CLIP was performed essentially as described in Mei et al. (2010)
with either whole cultured cells or isolated mitochondria. HepG2
human cells cultured in DMEM with 10% of FBS at standard
conditions were harvested and PBS-washed. Low-concentration
(0.2%) formaldehyde treatment was performed for 10 min at 20°C
in order to minimize nonspecific cross-linking (Niranjanakumari
et al. 2002). The cross-linking was quenched in 150 mM glycine
(pH 7.5). Extracts were prepared in immunoprecipitation buffer (20
mM Tris at pH 7.8, 500 mM NaCl, 2.5 mM MgCl,) containing 1 %
of the Empigen BB detergent (Choi and Dreyfuss 1984). Immuno-
precipitation was performed after 2 h of incubation with the
appropriate antibody followed by protein A Sepharose treatment.
To further analyze RNAs, immunoprecipitates were heated for
30-45 min at 75°C, and RNA was extracted by Trizol reagent and
further submitted to Northern hybridization with appropriate 32P-
labeled oligonucleotide probes. To analyze proteins, aliquots of the
immunoprecipitates were analyzed by standard SDS-PAGE fol-
lowed by Western analysis. Similar experiments were also per-
formed with isolated mitochondria.
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Isolation and component analysis of mammalian
mitochondrial ribosomes

Isolation and component analysis of mammalian mitochondrial
ribosomes were performed as described in Spremulli (2007) and
Richter et al. (2010). Briefly, mitochondria were isolated from
livers of freshly sacrificed 4-wk-old rats as described in Entelis
et al. (2001) using Mg>*-free buffer containing 0.6 M sorbitol,
10 mM HEPES-NaOH (pH 7.0), and 1 mM EDTA,; treated with
RNase A; repurified; and lysed with 1.6% Triton X-100 in 0.26
mM sucrose, 40 mM KCI, 15 mM MgCl,, 14 mM Tris-HCI (pH
7.5), 0.8 mM EDTA, 50 uM spermine, 50 uM spermidine, 5 mM
B-mercptoethanol, 0.25% PMSE, and 50 U/mL RNaseOUT (Invi-
trogen). The cleared lysate was layered on a 1 M sucrose cushion in
100 mM KCl, 15 mM MgCl,, 20 mM triethanolamine (pH 7.5), 5
mM B-mercptoethanol, 1% Triton X-100, 0.25 mM PMSE, and 40
U/mL RNaseOUT and centrifuged at 100,000g for 7 h. The
resulting pellets were washed briefly with the same buffer, and
RNAs were isolated with TRIzol reagent (Invitrogen).

For coimmunoprecipitation studies, HEK293T cell lines stably
transfected with either ICT1-Flag or MRP-S27-Flag gene were
used. Mitochondria were isolated from induced cells using Mg>*-
free buffer, treated with proteinase K and digitonin as described in
Rorbach et al. (2008), and finally lysed with 50 mM Tris-HCI (pH
7.4), 150 mM NaCl, 20 mM MgCl,, 1 mM EDTA, 1% Triton X-
100, 1 mM PMSEF, proteinase inhibitor cocktail (Roche), and 50 U/
mL RNaseOUT. The cleared lysate was incubated with anti-Flag
M2-agarose affinity gel, and the immunoprecipitation, washing,
and elution steps were done according to the manufacturer’s
protocol (Sigma Aldrich). Immunoprecipitated material was ana-
lyzed by sucrose gradient centrifugation as described elsewhere
(Richter et al. 2010). RN As isolated from material eluted from an
anti-Flag affinity gel were analyzed by dot blot Northern hybrid-
ization using short T7 transcripts corresponding to cytosolic and
mitochondrial rRNA sequences as quantitative controls.

MALDI-MS and LC-MS/MS analyses

MALDI-MS and LC-MS/MS analyses were performed on a
BIFLEX III MALDI-TOF (Bruker Daltonics) by standard proce-
dures.

North-Western blot hybridization

North-Western blot hybridization with [>2P]-labeled human 58
rRNA was carried out in the Import buffer, as in Entelis et al.
(2006). HepG2 mitochondrial proteins (20 wg) were separated on
10% SDS-PAAG and blotted to a nitrocellulose membrane. The
membrane was incubated in 0.1 M Tris-HCI, 20 mM KCl, 2.5
mM MgCl,, and 0.1% Nonidet P-40 (pH 7.5) for 1 h at 4°C with
stirring, then washed several times with the same solution and
blocked in 10 mM Tris-HCI (pH 7.5), 5 mM Mg(CH3COO),,
2 mM dithiothreitol, 5% BSA, and 0.01% Triton X-100 for 5 min
at 4°C. Then, the membrane was incubated for 2 h at 37°C in
the Import buffer containing 1 nM labeled human 5S rRNA,
washed with the same buffer without 55 tRNA, and autoradiog-
raphy-analyzed by Typhoon-Trio (GE Healthcare) scanning and
quantification.
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