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Mammalian mitochondrial ribosomes contain two prokaryotic-like rRNAs, 12S and 16S,
both encoded by mitochondrial DNA. As opposed to cytosolic ribosomes, however, these
ribosomes are not thought to contain 5S rRNA. For this reason, it has been unclear
whether 5S rRNA, which can be detected in mitochondrial preparations, is an authentic
organellar species imported from the cytosol or is merely a copurifying cytosol-derived
contaminant. We now show that 5S rRNA is tightly associated with highly purified
mitochondrial fractions of human and rat cells and that 5S rRNA transcripts derived from
a synthetic gene transfected transiently into human cells are both expressed in vivo and
present in highly purified mitochondria and mitoplasts. We conclude that 5S rRNA is
imported into mammalian mitochondria, but its function there still remains to be clari-
fied.

INTRODUCTION

Mitochondria are organelles present in virtually all
eukaryotic cells, responsible for most of the energy
production required for normal cellular homeostasis.
Human mitochondria possess their own DNA
(mtDNA), which encodes the two RNA species
present in mitochondrial ribosomes (12S and 16S
rRNAs), a full set of transfer RNAs (tRNAs) (22 genes)
required for protein synthesis (O’Brien et al., 1990),
and 13 polypeptides, all constituents of respiratory
chain complexes (Anderson et al., 1981).

Because mitochondria possess a fully functional ge-
netic apparatus capable of replication, transcription,
and translation, they are often considered to be intra-
cellular organelles endowed with a partial autonomy.
This autonomy, however, is more apparent than real;
in addition to the components encoded by mtDNA, all
of the remaining enzymes required for proper func-
tioning of the mitochondrion’s genetic machinery

(such as DNA and RNA polymerases, ribosomal pro-
teins, aminoacyl tRNA synthetases, etc.) are encoded
by nuclear DNA (nDNA), synthesized in the cytosol,
and imported into the organelle (Schatz and Dobber-
stein, 1996; Neupert, 1997). The same is true for all
enzymes involved in the myriad metabolic pathways
that take place in the mitochondrial environment.

Interestingly, at least two mitochondrial enzymes,
RNase MRP (a site-specific endoribonuclease involved
in primer RNA metabolism in mammalian mitochon-
dria [Chang and Clayton, 1987; Topper and Clayton,
1990; Li et al., 1994]) and RNase P (an endoribonucle-
ase involved in tRNA processing [Doerson et al.,
1985]), are ribonucleoproteins that contain an RNA
moiety that is encoded by nDNA and is imported into
the organelle. However, unlike the mechanisms for
protein import into mitochondria, the mechanisms of
RNA import into mitochondria are poorly under-
stood.

The importation of RNA into mitochondria was first
postulated over 30 years ago, as a corollary to mito-
chondrial protein synthesis and the lack of a full set of
tRNA genes in the mitochondrial genome of Tetrahy-
mena (Suyama and Eyer, 1967). This postulate was
proven recently (Rusconi and Cech, 1996), and the
import of tRNAs into mitochondria has now been
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observed in a variety of biological systems, including
plants (Phaseolus vulgaris, Solanum tuberosum, Triticum
vulgaris, Zea mays, Marchantia polymorpha, and Chlamy-
domonas reinhardtii), fungi (Saccharomyces cerevisiae),
and protozoa (Tetrahymena pyriformis, Paramecium au-
relia, Plasmodium falciparum, Trypanosoma brucei, and
Leishmania tarentolae) (Schneider, 1994; Kazakova et al.,
1996; Tarassov and Martin, 1996, and references there-
in). Mammalian mitochondria do not appear to import
tRNAs, but in addition to the RNA moieties of RNase
P and RNase MRP, one other RNA species was re-
cently observed to be associated with mammalian mi-
tochondria: 5S rRNA, which was isolated from prep-
arations of bovine mitochondria (Yoshionari et al.,
1994). Moreover, an RNA species with a size consis-
tent with that of 5S rRNA has also been found asso-
ciated with purified human (King and Attardi, 1993)
and mouse (Wong and Clayton, 1986) mitochondria,
but neither the exact identity of this species nor its
presence as an authentic mitochondrial RNA was es-
tablished.

The presence of some nDNA-encoded RNA species
within mitochondria has been controversial (Kiss and
Filipowicz, 1992; King and Attardi, 1993) for a number
of reasons. First, preparing highly purified subcellular
fractions presents obvious technical difficulties. Sec-
ond, the amount of nDNA-encoded RNA species de-
tected in mitochondrial preparations is generally very
low and might therefore be attributable to nothing
more than a low level of contamination in the prepa-
ration. Finally, the electrochemical gradient across the
inner mitochondrial membrane can be as high as 240
mV (negative inside), which creates a severe electro-
phoretic hurdle for the passive transfer of ribonucleic
acids from the cytosol into the organellar matrix. Al-
though it is now generally accepted that both the
RNase P and RNase MRP RNAs are imported into
mitochondria, the situation regarding 5S rRNA is still
unclear.

We present here evidence that 5S rRNA is a true
organellar species in mitochondrial fractions purified
from mammalian cells.

MATERIALS AND METHODS

Plasmids
To construct plasmid pT7.5S.Dra, we amplified human DNA encod-
ing the 121-nucleotide (nt) 5S rRNA from 143B.TK2 cells (Bacchetti
and Graham, 1977) with primers 5S-F (59-GTCTACGGCCATAC-
CACCCTG-39) and 5S-R (59-AAAGCCTACAGCACCCGGTAT-39),
by the use of Pwo DNA polymerase (Boehringer Mannheim, India-
napolis, IN), and cloned this DNA into SmaI-digested pUC19 (plas-
mid p5S). By the use of primers T7.5S-F (59-taatacgactcactataGTC-
TACGGCCATACCACCC-39 [T7 promoter in lowercase and 5S
RNA sequence in uppercase]) and 5S.Dra-R (59-tttAAAGCCTA-
CAGCACCCGG-39 [DraI half-site in lowercase with the DraI site
underlined]) and with p5S as template, a 141-bp fragment was
amplified and cloned into EcoRV-digested pZErO-2.1 (Invitrogen,
San Diego, CA). This plasmid (pT7.5S.Dra) contains 17 bp immedi-

ately upstream of the 5S rRNA gene, which directs T7 RNA poly-
merase to begin transcription at position 11 of the gene. The reverse
primer added three As to the 39 end of the gene; thus, when digested
with DraI, the plasmid is linearized at the exact terminus of the 5S
rRNA gene.

To construct plasmid p5SSE, we used primers Eco5S-F (59-gaat-
tcgaattcGGATCCAAAACGCTGCCT-39 [EcoRI sites in lowercase])
and 5S-R to amplify the 59 region of the insert of pHU5S1, which
harbors a 640-bp BamHI-SacI human DNA fragment containing the
121-bp 5S rRNA gene and its flanking regions (Nielsen et al., 1993),
and primers Sma5S-F (59-GACCGCCTGGGAATcCCGGGT-39 [the
introduced A–C change, in lowercase, creates a SmaI site, under-
lined]) and Eco5S-R (59-gaattcgaattcGAGCTCCAGACCATCCCG-
39) to amplify the 39 region. The two fragments were mixed and
amplified with primers Eco5S-F and Eco5S-R. Because of regions of
high GC content, all amplifications were performed in the presence
of DMSO. The resulting fragment was purified, digested with EcoRI,
and ligated into EcoRI-digested pUC19. The insert of a clone differ-
ing from that of pHU5S1 only at the SmaI site, as determined by
sequencing, was subcloned into EcoRI-digested pSV2neo, yielding
p5SSE.

Purification of Mitochondrial Fractions
The purification scheme is outlined in Figure 1. Human cell lines
143B.TK2 and 293T (DuBridge et al., 1987) were grown by standard
procedures. Mitochondria were isolated from human cells, or from
adult female Wistar rat liver, by the method of Tapper et al. (1983).
Cells were resuspended in 10 mM NaCl, 1.5 mM CaCl2, and 10 mM
TriszHCl, pH 7.5, allowed to swell for ;4–5 min, and briefly ho-
mogenized; sucrose was adjusted to 250 mM by addition of 2 M
sucrose and T10E20 (10 mM TriszHCl, 20 mM EDTA, pH 7.6); nuclei
and cell debris were removed by two 3 min sequential centrifuga-
tions at low speed (;1300 3 g); mitochondria were collected by
high-speed centrifugation (;15,000 3 g for 10 min) and washed
three times with 250 mM sucrose and T10E20; the mitochondrial
fraction, in 250 mM sucrose and T10E20, was layered on a discon-
tinuous sucrose gradient consisting of 1.0 and 1.7 M sucrose in
T10E20 buffer; and after centrifugation at 70,000 3 g for 40 min at
4°C, the mitochondria were retrieved from the interface, diluted in
250 mM sucrose and T10E20, washed twice, and collected by high-
speed spin. Protein was determined with the Bio-Rad Protein Assay
Kit II (Richmond, CA).

Mitoplasts were prepared by the use of two procedures. In the
“swell-contract” method (Murthy and Pande, 1987), gradient-puri-
fied mitochondria were resuspended in 20 mM potassium phos-
phate, pH 7.2, containing BSA and allowed to swell for 20 min at
0°C, after which ATP and MgCl2 were added to 1 mM each and the
incubation was prolonged for an additional 5 min. In the digitonin
method (Greenawalt, 1974), the purified mitochondria were treated
with ;0.1 mg of digitonin per milligram of mitochondrial protein
for 15 min at 0°C. Mitoplasts prepared by either method were
recovered by high-speed spin.

Purified mitochondria and mitoplasts were treated with RNase A
essentially as described (Adhya et al., 1997). Mitochondria or mito-
plasts were resuspended in 250 mM sucrose and T10E1 (10 mM
TriszHCl, 1 mM EDTA, pH 7.6) and incubated for 30 min at 25°C
with RNase A present at a concentration of 0.1 mg/ml; excess
enzyme was removed by washing twice in 1 ml of 250 mM sucrose
and T10E20, and recovery was by centrifugation. As controls, RNase
A–treated mitochondria or mitoplasts were lysed by addition of
SDS to 0.5% and incubated for an additional 15 min before the
washing step.

Northern Blot Analysis
Total mitochondrial nucleic acids were prepared from highly puri-
fied rat liver mitochondria (see Figure 1) and electrophoresed
through a 1.4% agarose-methylmercuric hydroxide gel (Attardi and
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Montoya, 1983). Nucleic acids were transferred onto nylon Zeta-
Probe membranes (Bio-Rad) and hybridized at 65°C with a PCR-
generated probe amplified from plasmid pHU5S1, by the use of
primers 5S-F and 5S-R in the presence of [a-32P]dATP.

Reverse Transcription-PCR
Human RNA was isolated by the guanidinium isothiocyanate
method with minor modifications. Total RNA from 143B.TK2 cells
was treated with DNase I and subjected to reverse transcription
(RT)-PCR (Titan RT-PCR System [Boehringer-Mannheim]) to am-
plify 5S rRNA (primers 5S-F and 5S-R), cytochrome c oxidase (COX)
I mRNA (primers at positions 6559–6577 and 6769–6749 [Anderson
et al., 1981]), and COX VIIc mRNA (forward primer [59-gcagagcttc-
cagcggctatgttgg-39] and reverse primer [59-gacaaacatatctagtatg-
gcatat-39]). Total RNA from rat liver and from rat liver mitochondria
was isolated as described (Attardi and Montoya, 1983), treated with
DNase I, and subjected to RT-PCR (SuperScript II Preamplification
System [Life Technologies, Gaithersburg, MD]) to amplify 5S rRNA
(primers 5S-F and 5S-R), COX I mRNA (primers at positions 6744–
6763 and 6960–6941), and 5.8S rRNA (primers 5.8S-F [59-cgactct-
tagcggtggatc-39] and 5.8S-R [59-agcgacgctcagacaggc-39]). Total RNA
from 293T cells that had been transfected transiently with p5SSE or
pSV2neo was subjected to RT-PCR with either primers 5S-F and
5Sm-R (59-AAAGCCTACAGCACCCG-39) or primers 5S-C (59-
GGCCTGGTTAGTACTTGG-39) and 5Sm-R, followed by SmaI di-
gestion, labeling, and electrophoresis through a nondenaturing
polyacrylamide gel. Organellar RNA was treated with DNase I as
described (Dilworth and McCarrey, 1992) before RT-PCR.

RNA Expression Assays
Total RNA was isolated from 293T cells that had been transfected
transiently (Life Technologies; Lipofectamine method) with p5SSE
or pSV2neo, treated with DNase I to ensure complete removal of
contaminating DNA, subjected to RT-PCR, digested with SmaI,
labeled (with [a-32P]dATP in the presence of Klenow enzyme [see
Figure 4B] or with [g-32P]ATP in the presence of T4 polynucleotide
kinase [see Figure 4C]), and electrophoresed through nondenatur-
ing polyacrylamide gels. Detection of labeled fragments was per-
formed with the Molecular Imager (model GS-363; Bio-Rad) with
the aid of the Molecular Analyst 1.5 software package. All other
reagents were from Sigma (St. Louis, MO).

RESULTS

Northern Blot Analysis
Full-length 5S rRNA was synthesized by in vitro tran-
scription of DraI-linearized plasmid pT7.5S.Dra (Fig-
ure 2A) and was used as a standard in the Northern
blot analysis of rat mitochondrial nucleic acids sepa-
rated in high-resolution methylmercuric hydroxide
gels (Attardi and Montoya, 1983). A full-length 5S
rRNA DNA probe hybridized specifically to a single
mitochondrial species, with a size indistinguishable
from that of the 5S rRNA standard (Figure 2B).

Detection of 5S rRNA in Purified Mitochondrial
Fractions
There are at least three potential sources of 5S rRNA
contamination in crude mitochondrial preparations:
microsomes, cytosolic ribosomes associated with the
outer mitochondrial membrane (OMM), and free cy-
tosolic 5S rRNA molecules trapped between the inner

mitochondrial membrane and the OMM during the
isolation procedure (Attardi et al., 1969; Tapper et a1.,
1983). Our purification procedure, which is outlined in
Figure 1, was designed to address all three problems.
Extensive washing in the presence of a low concentra-
tion of EDTA (1 mM) has been shown to promote the
removal of microsomes and adhering cytoplasmic ri-
bosomes from mitochondrial fractions (Attardi et al.,
1969). Our purification was performed in the presence
of higher concentrations of EDTA (20 mM), which had
the added potential benefit of facilitating the disaggre-
gation of 5S rRNA from its ribosomal location (Hayes
and Guérin, 1987). The problem of contamination of 5S
rRNA in the intermembrane space (IS) was dealt with
by preparing purified mitoplasts. Although none of

Figure 1. Scheme for the stringent purification of mitochondrial
fractions. See text for details.
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the available methods for the preparation of mito-
plasts is capable of removing the OMM in its entirety
(Lazarus et al., 1987; Kang et al., 1992), this procedure
nevertheless frees any RNAs trapped in the IS. Puri-
fied organellar preparations were treated with RNase
A (Adhya et al., 1997) to digest any RNA species
potentially adhering to the OMM (in mitochondria) or
liberated from the IS (in mitoplasts).

The progress of the purification of human mitochon-
drial fractions was monitored by following the pres-
ence of three RNA species: 5S rRNA, which is encoded
by nDNA; COX I mRNA, an mtDNA-encoded tran-
script specifying subunit I of complex IV of the mito-
chondrial respiratory chain (cytochrome c oxidase or
COX); and COX VIIc mRNA, a nDNA-encoded tran-
script specifying subunit VIIc of COX that is imported
into mitochondria (nuclear-encoded subunits of COX
are useful controls for cytosolic contamination because

their messages are translated in the vicinity of mito-
chondria [our unpublished observations]). By the use
of primers specific for these three transcripts, RT-PCR
of total cellular RNA isolated before the subfraction-
ation of human osteosarcoma-derived 143B cells pro-
duced the three expected products (Figure 3A), con-
firming the validity of the assay. On the other hand, in
RNA from both mitochondria and mitoplasts (purified
as outlined in Figure 1 and subsequently treated with
RNase A), the RT-PCR signal for COX VIIc was ab-
sent, whereas the bands for both COX I and 5S rRNA
were still present (Figure 3, B and C, respectively).

To confirm these results, we also performed similar
RT-PCR analyses on highly purified rat liver mito-
chondria, using 5.8S rRNA instead of COX VIIc
mRNA as the marker for potential cytosolic RNA con-
tamination. Although COX VIIc mRNA is a good
marker, we believed that another RNA constituent of
ribosomes would also be appropriate. We rejected the
use of larger rRNAs (18S and 28S) and focused our
efforts on 5.8S rRNA because 1) it has a size (156 nt)
similar to that of 5S rRNA (121 nt), 2) it is present in
amounts equimolar to 5S rRNA in cytosolic ribo-
somes, and 3) like 5S, it is highly structured. We
obtained the same results, namely, that all three RNA
species (5S rRNA, COX I mRNA, and 5.8S rRNA) were
present in total cellular RNA (Figure 3D), but only 5S
rRNA and COX I mRNA (and not 5.8S rRNA) were
present in highly purified mitochondria (Figure 3E).
The identity of all rRNA species after RT-PCR was
confirmed by DNA sequencing (our unpublished
data). We obtained identical results when the RNA
samples were treated with RNase-free DNase I (our
unpublished data).

Transient Expression of 5S rRNA
We expressed transiently a synthetic 5S rRNA gene that
was constructed to allow us to distinguish it from the
endogenous pool of human 5S rRNA. Using plasmid
pHU5S1, containing the 121-bp wild-type 5S rRNA gene
(Nielsen et al., 1993), we introduced an A–C transversion
at position 103 in the 5S rRNA gene and subcloned it into
pSV2neo (plasmid p5SSE). This mutation is located out-
side the known pol III transcriptional control elements
(Willis, 1993) and also creates a SmaI site useful in re-
striction fragment length polymorphism (RFLP) analysis
of PCR and RT-PCR products (Figure 4A).

Total RNA isolated from cell lysates of human kid-
ney-derived 293T cells transfected transiently either
with pSV2neo (control) or p5SSE (test) was amplified
by RT-PCR, and the products were then digested with
SmaI. Cells transfected with vector only (i.e., no insert)
yielded a single 121-bp band originating from the
endogenous 5S rRNA transcripts, whereas those trans-
fected with the “synthetic” gene yielded two bands of
the expected sizes, one of 121 bp (derived from the

Figure 2. (A) Map of the insert of plasmid pT7.5S.Dra. (B) North-
ern analysis. Total mitochondrial nucleic acids from highly purified
rat liver mitochondria (lane 2) were electrophoresed in parallel with
T7 runoff transcripts from DraI-digested pT7.5S.Dra (lane 1) and
were hybridized with a probe specific for 5S rRNA.
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endogenous 5S rRNA) and the other of 105 bp (de-
rived from the transfected gene) (Figure 4B).

Detection of Transiently Expressed 5S rRNA in
Mitochondrial Fractions
RT-PCR analyses were then performed on highly pu-
rified mitochondria and mitoplasts (see Figure 1) from
other transiently transfected 293T cells. Using different
primers to accentuate the relative difference in the
RFLP products between the wild-type and synthetic
variants, we again detected only one band (57 bp, as
expected) in control transfections but two bands of the
predicted sizes (57 and 41 bp) in the genuine transfec-
tions (Figure 4C).

DISCUSSION

All cytoplasmic ribosomes studied to date, whether of
prokaryotic or eukaryotic origin, possess 5S rRNA
(Bogdanov et al., 1995). Moreover, this RNA is a com-
ponent of the mitoribosomes of flowering plants, al-
gae, and at least one protist (Lang et al., 1996). Fungal
and animal mitoribosomes, however, are not thought
to contain this RNA (Curgy, 1985; Bogdanov et al.,
1995), even though preparations of nucleic acids from
their purified mitochondria generally yield an easily
distinguishable species with a size compatible with
that of 5S rRNA (Tapper et al., 1983). The concept that
these mitochondrial ribosomes are devoid of 5S rRNA
has also been reinforced by the fact that animal and
fungal mtDNAs do not encode 5S rRNA, whereas they
do encode 12S and 16S rRNAs.

The presence of 5S rRNA in mitochondria has there-
fore been controversial and has been considered by
some to be a contaminating species in mitochondrial
fractions. For example, the 5S rRNA that was observed
in preparations of highly purified human mitochon-
drial tRNAs (Wong and Clayton, 1986; King and At-
tardi, 1993) had been deemed to be a copurifying
cytosolic contaminant, in spite of the fact that those
preparations were devoid of cytosolic tRNAs (King
and Attardi, 1993).

To verify the identity of this molecule, we synthe-
sized full-length 5S rRNA by in vitro transcription of
a linearized plasmid and used it as a standard in
Northern blot analysis of mitochondrial nucleic acids
isolated from rat liver. A full-length 5S rRNA DNA
probe hybridized specifically to a single mitochondrial
species, with a size indistinguishable from that of the

Figure 3 (cont.) isolated from rat liver. Methods and notation are
described in A. M3, marker XIII (Boehringer Mannheim). (E) Anal-
ysis described in D except that RNA from highly purified RNAse
A–treated rat liver mitochondria was used as the template.

Figure 3. RT-PCR analyses. (A) Analysis of 5S rRNA, COX I
mRNA, and COX VIIc mRNA transcripts in total cellular RNA
isolated from human 143B.TK2 cells. RNA was subjected to RT-PCR
in the presence (1) or absence (-) of reverse transcriptase activity.
M1, markers of HaeIII-digested FX174 DNA. Expected sizes of
RT-PCR products, in bp, are shown on the right. (B) Analysis
described in A except that RNA from highly purified RNAse
A–treated mitochondria was used as the template after DNase I
treatment. M2, 100-bp ladder (Genosys Biotechnologies, The Wood-
lands, TX). (C) Analysis described in B except that RNA from highly
purified RNase A–treated mitoplasts (obtained by the digitonin
method) was used as the template. Mitoplasts were also lysed with
0.5% SDS in the presence of RNase A and subjected to RT-PCR to
amplify 5S rRNA (5S) and COX I mRNA (CI). (D) Analysis of 5S
rRNA, COX I mRNA, and 5.8S rRNA transcripts in total RNA
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5S rRNA standard (Figure 2). We concluded that this
mitochondrion-associated species is indeed 5S rRNA.

This result, however, did not resolve the question as
to whether the 5S rRNA in mitochondrial fractions is
indeed an authentic component of mitochondria or is

merely a cytosolic contaminant. This is not a trivial
point because there is a paucity of evidence support-
ing RNA import in mammalian systems, in part be-
cause, unlike yeast (Entelis et al., 1996) and Leishmania
(Adhya et al., 1997), no in vitro mitochondrial RNA
import system exists. Nevertheless, there is a growing
body of evidence indicating that RNAs are imported
into mammalian mitochondria, although the mecha-
nism(s) by which this occurs is unknown. Besides the
RNA moieties of mitochondrial RNase P and RNase
MRP, transcripts derived from human immunodefi-
ciency virus have been found in human mitochondria
(Somasundaran et al., 1994). Moreover, analysis of the
complete mitochondrial genome of the wallaroo, an
Australian marsupial, failed to detect any gene for a
true tRNALys (Janke et al., 1997), which led the authors
to hypothesize that, as in yeast (Entelis et al., 1996), this
tRNA is imported into the organelle. Finally, there is
evidence that bovine mitochondria contain 5S rRNA
(Yoshionari et al., 1994).

The detection of 5S rRNA in highly purified mito-
chondrial fractions devoid of contamination with po-
tentially adhering cytosolic RNAs would go a long
way toward resolving the question of 5S rRNA im-
port. We therefore adopted a stringent multistep pro-
cedure to do just that (Figure 1), followed by RT-PCR
of selected RNA species from isolated mammalian
organellar RNAs. We found that, like mtDNA-en-
coded COX I mRNA, nDNA-encoded 5S rRNA (but,
significantly, neither nDNA-encoded COX VIIc
mRNA nor nDNA-encoded 5.8S rRNA) was tightly
associated with the mitochondrial fraction (Figure 3).
These results imply that a fraction of the total 5S rRNA
pool is imported into the organelle.

Our transient expression results were consistent
with this conclusion. Specifically, analysis of RNA
isolated from purified mitochondria and mitoplasts
from human cells transfected with an engineered
gene, constructed to allow us to distinguish it from the
endogenous pool of 5S rRNA, yielded two RT-PCR
products, one derived from the endogenous 5S rRNA
and the other derived from the transfected gene. Thus,
we were not only able to express and detect an engi-
neered 5S rRNA gene in mammalian cells (Figure 4B)
but were also able to demonstrate that this transcript
is imported into mitochondria (Figure 4C).

The amount of imported synthetic 5S rRNA de-
tected in all of our experiments was relatively low
(note the different intensities of the 57- and 41-bp
fragments shown in Figure 4C). This is not surprising
for three reasons. First, only ;10–20% of cells nor-
mally express a transiently transfected construct; sec-
ond, the introduced A–C transversion may have af-
fected both the efficiency of importation and the
turnover of the RNA; and finally, studies in yeast in
vitro have shown that the mitochondrial importation
efficiency for an exogenously added tRNA is ,0.5%

Figure 4. Importation of synthetic 5S rRNA into human mitochon-
dria. (A) Map of the insert of p5SSE. The two sets of primer pairs
(short single-headed arrows) used to analyze the endogenous and
synthetic variants and their corresponding SmaI-digested PCR
products (double-headed arrows with the expected sizes above the
arrows, in bp) are indicated. The 5S rRNA gene is in black with the
known Pol III control elements (Willis, 1993) in the shaded boxes.
The relevant restriction sites are indicated as follows: B, BamHI; E,
EcoRI; S, SmaI; and Sc, SacI. (B) RT-PCR and RFLP analysis of total
RNA from 293T cells that had been transfected transiently with
p5SSE or pSV2neo, by the use of primers 5S-F and 5Sm-R, and
electrophoresed through a 12% nondenaturing polyacrylamide gel.
Note that the sizes of the SmaI digestions of RT-PCR products
correspond exactly to the PCR products from pHU5S1 (wild-type)
and p5SSE (A–C transversion) standards. Sizes of bands, in bp, are
shown on the right. Sizes of M2 markers, in bp, are shown on the
left. The 16-bp fragment is not resolved in this gel system. (C)
RT-PCR and RFLP analysis of RNA isolated from highly purified
mitochondria (Mt) and mitoplasts (Mp; obtained by the swell-con-
tract method) from 293T cells transfected with p5SSE or pSV2neo,
by the use of primers 5S-C and 5Sm-R, and electrophoresed through
a 20% nondenaturing polyacrylamide gel. Note that the diagnostic
41-bp fragment is present in the p5SSE samples (lanes 4 and 5; the
16-bp fragments were diffuse and barely visible but were discernible
in extremely dark exposures), with a size identical to that obtained
in a PCR and RFLP from the p5SSE standard (lane 8), but is absent
in the pSV2neo control samples (lanes 6 and 7). All RT-PCR species
were abolished when mitochondria were treated with RNase A in
the presence of SDS (lanes 2 and 3).
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(Entelis et al., 1996). Thus, these experiments were
fundamentally qualitative in nature and did not allow
us to obtain an accurate estimate of the fraction of the
5S rRNA pool that is imported into mitochondria.
Such quantitative analyses will likely require experi-
ments with stably transformed cells.

Taken together, the Northern, RT-PCR, and tran-
sient expression results imply, first, that 5S rRNA is an
authentic component of mammalian mitochondria (in
agreement with more recent observations regarding
the presence of 5S rRNA in bovine mitochondria [Yo-
shionari et al., 1994]) and, second, that an engineered
transcript similar to 5S rRNA can also be imported
into mitochondria. We note that the ability to import a
synthetic transcript into human mitochondria may al-
low for the development of new approaches to the
treatment of human mitochondrial diseases associated
with maternally inherited mutations in mtDNA
(Schon et al., 1997).

The mechanisms for the importation of RNAs into
mitochondria are unknown but are most likely to be
specific for the imported species of RNAs. Although
there are no data on this point in human mitochon-
dria, both the requirement for specific RNA sequences
and for the presence of mitochondrial receptors for the
import of selected small RNAs, in particular tRNATyr,
into the organelle have been shown in Leishmania (Ma-
hapatra et al., 1994, 1998; Mahapatra and Adhya, 1996;
Adhya et al., 1997). Furthermore, only one of three
tRNAGln isoforms is imported into Tetrahymena mito-
chondria (Rusconi and Cech, 1996), and only tRNALys,
and no other tRNA, is imported into yeast mitochon-
dria (Entelis et al., 1996), most likely on the basis of
sequence-specific determinants (Entelis et al., 1998).
Similarly, deletion experiments imply that mouse
MRP RNA also contains importation determinants (Li
et al., 1994). Thus, it is reasonable to assume that a
similar importation specificity applies to mammalian
5S rRNA.

The role that 5S rRNA plays in mitochondria is still
unclear. Even though it is believed that fungal and
mammalian mitochondrial ribosomes do not contain
5S rRNA, it is not clear whether ribosomes in general
can perform translation in its absence (Camier et al.,
1995). Clearly, further work is required to elucidate
the role of this small rRNA in mammalian mitochon-
dria.
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