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We isolated mitochondria from Saccharomyces cerevisiae to selectively study polysomes bound to the mito-
chondrial surface. The distribution of several mRNAs coding for mitochondrial proteins was examined in free
and mitochondrion-bound polysomes. Some mRNAs exclusively localize to mitochondrion-bound polysomes,
such as the ones coding for Atm1p, Cox10p, Tim44p, Atp2p, and Cotlp. In contrast, mRNAs encoding Cox6p,
Cox5a, Aaclp, and Mirlp are found enriched in free cytoplasmic polysome fractions. Aaclp and Mirlp are
transporters that lack cleavable presequences. Sequences required for mRNA asymmetric subcellular distri-
bution were determined by analyzing the localization of reporter mRNAs containing the presequence coding
region and/or the 3’-untranslated region (3'UTR) of ATM1, a gene encoding an ABC transporter of the mito-
chondrial inner membrane. Biochemical analyses of mitochondrion-bound polysomes and direct visualization
of RNA localization in living yeast cells allowed us to demonstrate that either the presequence coding region
or the 3'UTR of ATM1 is sufficient to allow the reporter mRNA to localize to the vicinity of the mitochondrion,
independently of its translation. These data demonstrate that mRNA localization is one of the mechanisms
used, in yeast, for segregating mitochondrial proteins.

The biogenesis of mitochondria is a complex cellular process
that involves the concerted expression of the two genomes in
which molecular components of the organelles are encoded.
The majority of mitochondrial proteins are encoded by the
nucleus, synthesized on cytoplasmic polysomes as precursor
proteins with short N-terminus extensions. Detailed knowledge
of how polypeptides are sorted and imported to mitochondria
has been elucidated in Saccharomyces cerevisiae and Neuro-
spora crassa (43, 49). While mitochondrial protein import can
occur posttranslationally, some precursors in vivo may also be
imported cotranslationally (43). The surface of mitochondria
isolated from yeast treated with protein synthesis inhibitors is
coated with cytoplasmic polysomes. These polysomes are en-
riched in mRNAs encoding mitochondrially destined polypep-
tides and are clustered around contact sites between inner and
outer mitochondrial membranes (29-31). In the early 1980s,
two independent groups confirmed that mRNA of polysomes
which coisolate with mitochondria is enriched in transcripts
encoding mitochondrial proteins. Polysomes that cover the
mitochondrial surface contain many more mRNAs for the -,
B-, and vy-subunits of F1 ATPase than free polysomes (2).
Accordingly, cytoplasmic pools of these F1 ATPase subunits
are small, arguing in favor of the possibility that the majority of
their transcripts are attached to the outer mitochondrial mem-
brane (3). Further, Suissa and Schatz measured the distribu-
tion of mRNAs for 12 imported mitochondrial polypeptides
between free and mitochondrion-bound polysomes. These au-
thors also showed the existence of a specific polysomal sub-
population bound to mitochondria, polysomes which could
then insert cotranslationally some nuclearly encoded mito-
chondrial polypeptides (57). More recently, Pon et al. purified
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mitochondrial membrane components that were associated
with cytoplasmic polysomes and retained the capacity to trans-
port proteins across membranes (46). In vitro, a tight coupling
between polypeptide synthesis and membrane translocation
was observed when the translation of several precursors was
performed in the presence of isolated yeast mitochondria. Such
tight coupling between protein translation and membrane trans-
port suggests a cotranslational import mechanism (19, 20, 59).

Interestingly, the nascent polypeptide-associated complex
(NAC) was found on both ribosomes isolated from the cytosol
and ribosomes associated with mitochondria (23). Moreover, a
homologous in vitro system has recently been described, in
which ribosome-attached nascent chains initiate import into
mitochondria in the presence of NAC (21). Therefore, as for
the endoplasmic reticulum (40), protein translation, targeting,
and translocation across mitochondrial membranes are, at
least in some cases, closely related processes.

While searching for new components of the mitochon-
drial import machinery, we found that the overexpression of
KAPI21 and KAPI123, encoding two karyopherins involved in
nucleocytoplasmic traffic of proteins and/or mRNAs (47, 50,
53), facilitates the mitochondrial import of highly hydrophobic
proteins. This process was mediated by the specific targeting of
corresponding mRNAs to mitochondrion-bound polysomes,
which may lead to an enhancement of the cotranslationally
import of such hydrophobic proteins (14). We then hypothe-
sized that under physiological conditions the initial selection
event for some mitochondrial proteins may be the localization
of their transcripts to the mitochondrial periphery, where trans-
lation and import could be tightly coupled. We report here
evidence for the asymmetric distribution of mRNAs encoding
mitochondrial proteins, and we describe the mRNA elements
involved in the molecular mechanism. Transcripts coding for
Atmlp, Cox10p, Tim44p, Atp2p, and Cotlp are exclusively
localized to mitochondrion-bound polysomes, while mRNAs
encoding Cox6p, Cox5ap, Aaclp, and Mirlp are enriched in
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free cytoplasmic polysomes. The ability of the ATM1 untrans-
lated regions (UTRs) or/and presequence to address the green
fluorescent protein (GFP) coding sequence to mitochondrion-
bound polysomes was analyzed. Interestingly, not only the
3'UTR of ATM1I but also 48 bp in the N-terminal coding
region for amino acids 1 to 16 of Atmlp are sufficient to allow
the hybrid mRNA to behave as the ATM1 transcript. To con-
firm these data, we used the recently described RNA-labeling
system (7), which allows the direct visualization of RNA dy-
namics in live cells by microscopy of GFP fluorescence. Both
the presequence coding region and the 3'UTR of ATMI are
independently sufficient to allow the localization of the re-
porter RNA to the vicinity of mitochondria. Therefore, in
yeast, mRNA localization is involved in mitochondrial protein
targeting, and consequently may play an essential role in the
organelle biogenesis.

MATERIALS AND METHODS

Yeast strain and growth conditions. The CW04 strain of S. cerevisiae was used
in this study. This strain is isonuclear with the strain W303-1B (MATa leu2-3 ura
3-1 trpl-1 adel-2 his3-11 canl-100) and was obtained as described earlier (12,
17).

CWO04 cells were grown at 30°C in rich medium (1% Bacto yeast extract, 2%
Bacto peptone, 2% glucose, 30 pg of adenine per ml), galactose-rich medium
[1% Bacto yeast extract, 1% Bacto peptone, 0.1% KH,PO,, 0.12% (NH4),SO,,
2% galactose], or synthetic medium containing either 2% glucose or 2% galac-
tose supplemented with the appropriate nutritional requirements. For solid me-
dium, 2% agar was added. Yeast cells were transformed using a simplified
lithium method (24).

Living cells expressing the GFP chimeras or green RNAs were observed by
fluorescence microscopy with a chilled charge-coupled-device camera (Hama-
matsu Photonics, Hamamatsu City, Japan) as previously described (14, 16). For
all microscopic observations, cells were harvested in the early log phase.

Plasmids and DNA manipulations. All bacteriological analyses and DNA
manipulations were performed as previously described (48).

Sequences in the ATM1 gene were obtained by 16-cycle PCR amplifications
using as template yeast genomic DNA (100 ng) and the recombinant 7th DNA
polymerase XL (Perkin-Elmer Cetus) (5). For the promoter and the 5"UTR, the
region spanning between the last 50 amino acids of the PRP12 gene (contiguous
to ATM1) and either the first 3, 16, or 53 amino acids of Atmlp was amplified
and cloned in frame with the GFP. For the 3'UTR, 507 bp between the Atm1p
stop codon and the first 14 amino acids of the ADE4 gene (contiguous to ATM1)
were amplified and cloned in frame with the GFP stop codon. To obtain dele-
tions in the ATM1 3'UTR, the 362-bp region that separates the stop codon from
the AATAAA signal was shortened by either 265 or 97 nucleotides. Specific
oligonucleotides used to generate these PCR fragments are shown in Table 1.
The 3'UTR of the PGKI gene was obtained by HindIII digestion of the YepJB1-
21-1 plasmid (4). The GFP coding sequence was obtained from the pRH431
plasmid (A. Delahhode et al., unpublished data). DNAs from PCR products and
the GFP were cloned in the high-copy-number pRS426 vector (11) containing
the URA3 marker. Probes used for Northern blot analyses represented fragments
within each coding region obtained by PCR using specific oligonucleotides (Ta-
ble 2) and purified from agarose gels with the Qiaquick gel extraction kit (Qia-
gen). Labeling of DNA fragments was performed using the NonaPrimer kit from
Appligen according to the manufacturer’s instructions.

Purification of free and mitochondrion-bound polysomes. Purification of mi-
tochondrion-bound polysomes and free cytoplasmic polysomes was performed as
described elsewhere, with few modifications (2, 57). To convert cells to sphero-
plasts, a 60-min treatment with Quantazyme (Quantum; Appligen) at 30°C with
shaking was performed; 1,000 U per g (wet weight) of cells was used. To produce
EDTA-washed mitochondria, spheroplast preparations were homogenized in
breaking buffer containing 0.6 M mannitol, 30 mM Tris-HCI (pH 7.4), 10 mM
EDTA, 5 mM 2-mercaptoethanol, 200 ng of cycloheximide per ml, and 500 pg
of heparin per ml. EDTA-free buffers were used for all the other steps. To obtain
mitochondria coated with polysomes, the breaking buffer contained 5 mM MgCl,
and 100 mM KCl instead of 10 mM EDTA.

Polysomes bound to mitochondria were released by incubation in polysome
buffer (30 mM Tris-HCI [pH 7.4], 10 mM EDTA, 5 mM 2-mercaptoethanol, 200
pg of cycloheximide per ml, and 500 wg of heparin per ml) with 1.5% of Triton
X-100 for 20 min on ice. After that, a centrifugation at 15,000 rpm for 20 min was
performed; the supernatant contained released polysomes. To analyze polysome
profiles, 50 4,4, units of polysomes released from mitochondria were layered
over an 11.4-ml linear sucrose gradient (10 to 50% sucrose in 200 mM Tris-HCl
[pH 7.6], 0.1 mM EDTA, 2.1 mM magnesium acetate, and 100 mM KCI). The
gradients were centrifuged in a Kontron TST41 Ti rotor at 40,000 rpm for 3 h and
scanned at 260 nm with a Pharmacia spectrophotometer connected to a turbu-
lence-free flow cell.

TABLE 1. Oligonucleotides used in this study to generate GFP chimeric constructs

Cloning sites
in pRS 426

PCR product
length (bp)

3" primer (5'-3")

Sequence

5’ primer (5'-3")

Oligonucleotide”

Xbal-BanHI
Xbal-BanHI
Xbal-BanHI
Xhol-Kpnl
Clal-Kpnl
Clal-Kpnl

613
763
652
507
410
269

CGGGGTACCCCGAGTGGTTTGGTTTGCTAATACAATACC
CGGGGTACCCCGAGTGGTTTGGTTTGCTAATACAATACC
CGGGGTACCCCGAGTGGTTTGGTTTGCTAATACAATACC

TGCTCTAGAGCATGGTAGAATCAAGAAATGGGAAGAAGA CGCGGATCCGCGAAGCAGCATTTGCAGGTTGGAGTGGAA
TGCTCTAGAGCATGGTAGAATCAAGAAATGGGAAGAAGA CGCGGATCCGCGTTGATTCCATAAATTCACAGCTGAATT
TGCTCTAGAGCATGGTAGAATCAAGAAATGGGAAGAAGA CGCGGATCCGCGTGATCTTACAATTCGCCCAATTACAGG

CCGCTCGAGCGGTGAACGCTCGTAAGTAAATATTGATTT

97-bp deletion in ATM1’s 3’ UTR ~ CCATCGATGGACCCGATGTATTGACTCTTCCTGACCGAA
238-bp deletion in ATM1’s 3'UTR CCATCGATGGCTTACTTACAATTTCAATAATAGGTTTGT

Stop codon + 3'UTR of ATM1

5'UTR + 3 aa of ATM1
5'UTR + 53 aa of ATM1
5'UTR + 16 aa of ATM1

“ aa, amino acids.

MoL. CELL. BIOL.
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TABLE 2. Oligonucleotides used in this study to generate radiolabelled probes.
Oligo- Sequence PCR product
nucleotide 5’ Primer 3’ Primer length (bp)
ATM1 CAATGACACTATCTGGGAAAATGT TCATAGTTCTTGCTGGTCTTTTAG 507
COoX10 AATCATGAATAAAGACATTGATGTTATGTA GGAAGCTATTGGGGCGAGGGTTTTTGAATT 2,000
TIM44 TGAACAGACCTACTTTGGTAATTTTATATG AAGAAGTATTAGTTATAGTACTATTAGTAC 2,030
ATP2 ATGGTTTTGCCAAGACTATATACTGCT CTAGTTGGCTTCACGGGCTTTGAAAAGTCG 1,536
COT1 GTGTTCTTCGGGATCGAGATAACT ATTTCCGCCGCTGGCAATCGTATG 606
ABF2 ATGAACAGTTACAGCCTATTAACT CTAGTTGAGAGGGTAGCGAGCATT 552
TOM20 ATGCTTCTATATTCAATGGATTTCCTGTCT TTCGTTAATGGTCGTCCACGTGTGTATACT 1,025
SMF2 ATGACGTCCCAAGAATATGAACCT CTTGGAAAGAGTACTACAGAGTAA 1,080
COX6 ATGTTATCAAGGGCCATATTCAGAAAT TTAGTTCTGAGGTGGATGAATATCCCA 638
COX5a ATGTTACGTAACACTTTTACTAGA GATTGGACCTGAGAATAACCACCC 431
AACI ATGTCTCACACAGAAACACAGACT TTGCAACTGATCGTACAATGAGAT 900
MIRI1 GTCTGCTGCTCCTGCTATTCCACA CCTCCGACGAGTCCATTAGCGAAC 458
Cox3 ATGACACATTTAGAAAGAAGTAGACATCAA TTAAACACCTCATCAATAAAATAGTACGTA 810
ACTI GAGGTTGCTGCTTTGGTTATTG GTGGTGAACGATAGATGGACC 500

RNA extraction and Northern blot analyses. Total RNA extraction from
mitochondrion-bound polysomes, from free cytoplasmic polysomes, and from
whole cells was performed by a hot-phenol method (51). For Northern blots, 10
g (subcellular polysome fractions) or 30 wg (whole cells) of RNA was separated
by electrophoresis through denaturing formaldehyde-agarose gels after the trans-
fer nylon membranes were stained with methylene blue solution (48). Hybrid-
izations and washings were performed as described elsewhere (48). The Phos-
phorImager system and TINA software were used to compare the relative
abundance of each individual mRNA specie.

Direct visualization of RNA in live cells. The coat protein (CP) of bacterio-
phage MS2 was fused to the GFP and expressed from the plasmid pCP-GFP,
generously provided by D. L. Beach and K. Blomm (7). The pCP-GFP is a
low-copy HIS3 selectable plasmid that produced CP-GFP regulated by the
MET25 promoter. Cells grown in the presence of methionine produced no
detectable CP-GFP protein product, as determined from the fluorescence signal
intensity of imaged cells (data not shown). To induce CP-GFP production,
methionine starvation was performed by switching the cells to a synthetic me-
dium with 2% glucose or 2% galactose for 2 h.

To obtain reporter RNA, we used the pIIIA/MS2-2 plasmid (7), which con-
tains two tandem copies of the CP-binding site. This plasmid can express a
transcript tagged by the two tandem copies of the CP-binding site using the RNA
seP promoter; this constitutive RNA polymerase III promoter maintains RNA
levels throughout the cell cycle. The single Smal site was used to introduce the
following nucleotide sequences: the complete 3'UTR of ATMI, the complete
3'UTR of PGKI, and the sequence encoding the first 53 amino acids of Atm1p.
In all the cases the binding site precedes the sequence examined. For each
inserted sequence, we studied both possible orientations. The cells expressing the
constructions where the inserted sequence was placed in the opposite orienta-
tion, such that the noncoding sequence was transcribed, were examined by
fluorescence microscopy. These cells, like those expressing the empty pIIIA/
MS2-2 plasmid, showed a low amount of fluorescence that was distributed
throughout the cytoplasm and was excluded only from the vacuole (data not
shown), as previously shown (7).

RESULTS

Asymmetric distribution of mRNAs coding for imported mi-
tochondrial proteins between free and mitochondrion-bound
polysomes. We purified mitochondria with cytoplasmic poly-
somes bound to the outer membrane from growing yeast
spheroplasts in the presence of Mg®* and cycloheximide con-
taining buffers, as previously described (2, 57). RNA was ex-
tracted from free and mitochondrion-bound polysomes and
submitted to Northern blot analysis. We used two genes as
typical markers of either mitochondrial or cytoplasmic frac-
tions: COX3, which is encoded by the mitochondrial DNA, and
ACTI, whose mRNA is exclusively found in cytoplasmic frac-
tions (Fig. 1A). Mitochondrial preparations appeared to be
devoid of other cellular fractions. Only probes related to rough
endoplasmic reticulum proteins, such as SSHI, revealed the
presence of irrelevant mRNA species (data not shown). This is
in agreement with recent observations, showing a tight associ-
ation between both organelle membranes (1). Twelve nuclear

genes, covering an array of functions and localizations within
the organelle, were chosen for mRNA localization analysis.
These experiments consistently showed that the transcripts
examined are asymmetrically distributed in the two subcellular
polysome fractions examined (Fig. 1). Three families of mRNAs
according to their localization can be defined.

The first family includes mRNAs exclusively localized to
polysomes bound to mitochondria (Fig. 1A, lanes M-P), such
as ATM1, COX10, TIM44, ATP2, and COTI mRNAs. Consis-
tently, between 70 and 85% of the total signal measured for
these five transcripts was found in polysomes bound to mito-
chondria (Fig. 1B). Surprisingly, Cotlp, when overproduced,
was found to be localized to the vacuole (37). We found that
approximately 70% of its mRNA was present in mitochondri-
on-bound polysomes, suggesting that Cotlp might also be
addressed to mitochondria, a result in agreement with previous
studies (13).

The second family includes mRNAs equally divided be-
tween free and mitochondrion-bound polysomes, such as
ABF2, TOM20, and SMF2 (Fig. 1A). For these transcripts, be-
tween 58 and 42% of the overall signal was consistently mea-
sured in mitochondrion-bound polysomes (Fig. 1B).

The third family mRNAs were those predominantly associ-
ated with free cytoplasmic polysomes (Fig. 1A, lanes F-P), such
as COX6, COX5a, AACI, and MIRI. Remarkably, <15% of
the overall signal for these mRNAs was found in polysomes
bound to mitochondria (Fig. 1B).

As expected, EDTA treatment of mitochondrion-bound
polysome fractions (15, 46) led to the complete release of
mitochondrion-bound mRNAs, such as ATM1 or COX10 (Fig.
2A). Polysomes bound to mitochondria were separated into
size classes by sucrose gradient centrifugation, and each frac-
tion was analyzed by Northern blotting. The ATM1 mRNA
signal was enriched in fractions 1 to 4, corresponding to poly-
somes with four or more ribosomes. In contrast, a very weak
signal was detected in the 80S monosome fraction (Fig. 2B).

These data provide strong evidence that the 12 mRNA spe-
cies tested are partitioned quite differently between free and
mitochondrion-bound polysomes. Among them, at least the
ATMI1 mRNA is a genuine, efficiently translated component of
the mitochondrion-bound polysome fraction.

Characterization of ATMI1 sequences required for mRNA
localization. Atmlp is an ABC transporter of the mitochon-
drial inner membrane, is involved in mitochondrial iron me-
tabolism, and is required for the generation of cytosolic Fe/S
proteins (33, 34, 36). Atmlp is a highly hydrophobic protein
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FIG. 1. Asymmetric distribution of mRNAs coding for mitochondrial imported proteins among free and mitochondrion-bound polysomes. (A) CW04 cells were
grown aerobically (rich galactose medium) and harvested in early log phase; free polysomes (F-P) and mitochondrion-bound polysomes (M-P) were prepared at pH
7.4 as described in Materials and Methods. Their RNA was extracted and subjected to Northern blot analysis, using probes for different genes encoding mitochondrial
proteins. Cross-contamination of the fractions was checked with the ACT1 gene as a cytoplasmic protein control and the COX3 gene as a mitochondrial protein control.
Results obtained for two individual RNA preparations are shown; at the bottom, methylene blue staining of the filters is shown. The approximate sizes measured for
individual mRNAs were as follows: ATM1, 2.2 kb; COX10, 1.7 kb; TIM44, 1.5 kb; ATP2, 1.6 kb; COT1I, 1.5 kb; ABF2, 0.6 kb; COX3, 3.7 kb; ACT1I, 1.7 kb; TOM20, 0.8
kb; SMF2, 1.9 kb; COX6, 0.6 kb; COX5a, 0.6 kb; AACI, 1.1 kb; and MIRI, 1.2 kb. (B) Densitometric analyses of the results obtained with 12 independent polysome
preparations were performed. A signal obtained for an individual transcript in the RNA preparation from mitochondrion-bound polysomes was normalized with the
COX3 mRNA signal. The normalization for the signal in the free-polysome fraction was performed with the ACTI mRNA signal. For a given mRNA, addition of
specific signals measured in mitochondrion-bound polysomes and in free polysomes after normalization was considered as 100%. The percentage of mRNA signal found

in mitochondrion-bound polysomes is shown for the 12 genes examined.

that contains six putative transmembrane fragments. ATM1
mRNA localizes exclusively to mitochondrion-bound poly-
somes (Fig. 1 and 2). To characterize the sequences responsi-
ble for the asymmetric mRNA localization, we constructed
chimeras in which the GFP was expressed under the control of
the ATMI promoter. Two regions within ATMI were exam-
ined: the mitochondrial targeting sequence (mts) coding re-
gion, corresponding to the first 53 amino acids of the precursor
protein (36), and the 3'UTR of 507 bp encompassing the
region between the Atmlp stop codon and the first 14 amino
acids of the adjacent gene, ADE4.

Four plasmids were obtained (Fig. 3C): in plasmids 2 and 4,
the GFP was fused in frame with the complete mts, while in
plasmids 1 and 3 only the first three amino acids were fused to
the GFP (Fig. 3C). Additionally, in plasmids 3 and 4, the
3'UTR of ATM1 was replaced by 400 bp corresponding to the
3'UTR of PGKI, a gene coding for a cytoplasmic protein and

usually used as a marker of soluble cytosolic fractions (52)
(Fig. 3C).

Total RNAs were purified from cells expressing GFP chi-
meras or wild-type cells and analyzed by Northern blot analysis
(Fig. 3A). No signal was detected with the GFP probe in wild-
type cells (Fig. 3A, lane 0). In cells expressing chimeras 1 and
2, two mRNAs of 0.75 and 0.9 kb, respectively, were revealed
(Fig. 3A, lanes 1 and 2). In cells expressing chimeras 3 and 4,
we detected two slightly longer mRNAs of 0.9 and 1.1 kb,
respectively; the difference observed was probably related to
the presence in these plasmids of the PGKI 3'UTR (Fig. 3A,
lanes 3 and 4). It appears clearly from these results that the
steady-state levels of hybrids mRNAs tested are similar (Fig.
3A).

Cells were visualized by fluorescence microscopy in order to
determine the subcellular localization of GFP chimeras (Fig.
3B). When the GFP protein was fused with the first three
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FIG. 2. The ATM]I transcript is specifically associated with mitochondrion-bound polysomes. (A) Northern blots were performed with RNA prepared from
EDTA-treated mitochondria in MgCl,-free buffers (EDTA) or from untreated mitochondria in buffers containing 5 mM MgCl, and 100 mM KCI (MgCl,). In the
presence of EDTA, polysomes attached to mitochondria were washed off. This finding is visible after staining of the filter with methylene blue (shown at the bottom):
the 18S rRNA band is strongly diminished, and the 16S rRNA band representing the mitochondrial specie is clearly distinguished. In these preparations, approximately
90% of the ATM1 and COX10 mRNA signal disappeared. (B) Fifty 4,4, units of cytoplasmic polysomes released from mitochondria, after Triton X-100 treatment, were
sedimented in a linear sucrose gradient. The gradients were scanned at 260 nm, and fraction 1 is the bottom of the gradient. An arrow (upper panel) indicates the
position of the 80S monosomes. Thirteen fractions were collected from each gradient to prepare RNA and then subjected to Northern blot analysis using ATM1
radiolabeled DNA (lower panel). The patterns obtained for polysomes released from mitochondria are very similar to the ones described by Suissa and Schatz (57).
Furthermore, the profile of ATM1 mRNA is consistent with its almost exclusive association with polysomes containing four or more ribosomes. Very low levels of ATM1
signal were found in the 80S monosome fraction. Methylene blue staining of the filter is shown at the bottom.

amino acids of Atmlp, we consistently observed a homoge-
neous cytosolic staining, suggesting that the protein was local-
ized to the cytoplasm (Fig. 3B, GFPs 1 and 3). In contrast,
when the GFP was fused to the functional mts of Atmlp, the
chimera localized to discrete spots in the cytoplasm, a result
reminiscent of the mitochondrial distribution (41) (Fig. 3B,
GFP 2 and 4). These discrete fluorescent spots were also
stained with the specific DNA labeling reagent, Hoechst, con-
firming that they contain DNA (Fig. 3B, H 2 and 4). Thus, GFP
fused to the first 53 amino acids of Atmlp is addressed to
mitochondria.

Fractionation experiments were performed to obtain free
and mitochondrion-bound polysomes from wild-type cells and
cells expressing GFP chimeras (Fig. 4B). RNAs were purified
and subjected to Northern blot analysis. As shown in Fig. 1,

very little cross-contamination of the subcellular fractions was
measured by hybridization with ACT1 and COX3 probes (Fig.
4A). In addition, no signal was detected with the GFP probe in
cells devoid of GFP plasmids (Fig. 4A, lane 0). When the
chimeras containing ATM1 3'UTR were expressed, we de-
tected, as expected, two transcripts of 0.75 and 0.9 kb. These
transcripts were remarkably enriched in mitochondrion-bound
polysomes. Very few of the messengers were detected in free
cytoplasmic polysomes (Fig. 4A, lanes 1 and 2). Based on six
independent experiments, we deduced that in the presence of
the 3'UTR ATM1 approximately 80% of hybrid mRNAs was
localized to the mitochondrial vicinity, independently of the
mts coding sequence (Fig. 4B). This distribution is very similar
to the one detected in the same cells for the endogenous ATM1
mRNA, where approximately 85% of the ATMI1 mRNA sig-
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FIG. 3. Expression and localization of GFP-Atm1p chimeras. (A) A portion (30 pg) of RNA prepared from whole cells was separated on formaldehyde-agarose
gels and subjected to Northern blot analysis using specific radiolabeled probes. Lane 0 represents CW04 wild-type cells devoid of recombinant plasmids, and lanes 1
to 4 represent CW04 cells expressing plasmids 1 to 4, respectively, shown in panel C. The approximate sizes of each individual GFP hybrid mRNA were as follows:
plasmid 1, 0.75 kb; plasmid 2, 0.9 kb; plasmid 3, 0.9 kb; and plasmid 4, 1.1 kb. (B) Direct fluorescence microscopy of CW04 cells carrying plasmids expressing the GFP
chimeras. Panel N represents the cells viewed by Nomarski optics, panel GFP represents the GFP signal, and panel H shows cells stained with the DNA dye reagent
Hoechst. Cells carrying plasmids 1 and 3 had homogeneous cytosolic staining, in contrast to cells carrying plasmids 2 and 4, which gave a cytoplasmic GFP signal
localized to discrete spots, which were also stained by the DNA reagent Hoechst. (C) Representation of the four chimeric constructs tested. GFP protein is expressed
under the control of ATM1 promoter. All of the plasmids shared the complete 5'"UTR of ATM1, and translation for all them was initiated at the authentic Atm1p AUG.
For plasmids 1 and 3, the GFP AUG is in the fourth position of the chimeras. In contrast, fusion proteins translated from plasmids 2 and 4 possess the entire Atmlp
53-amino-acid presequence in frame with the GFP AUG codon. In plasmids 3 and 4, the 3'UTR of ATM1 was replaced with the 3'UTR of PGKI, a gene coding for
a cytoplasmic protein and usually used as a marker of soluble cytosolic fractions (52).

nal was found in mitochondrion-bound polysomes (Fig. 4A).
When the 3'UTR of ATMI was replaced by the 3'UTR of
PGKI, the mRNA distribution dramatically changed. In the
absence of the mts coding sequence, the 0.9-kb transcript was
almost exclusively localized to free cytoplasmic polysomes (Fig.
4A, lane 3); approximately 82% of the overall signal was found
in this fraction (Fig. 4B). In contrast, 88% of the 1.1-kb hybrid
mRNA containing the mts but not the 3'UTR ATM1 localized
predominantly to mitochondrion-bound polysomes, as did
ATMI mRNA (Fig. 4A, lane 4, and Fig. 4B).

Thus, at least two regions in the ATMI gene can act inde-

pendently to address the reporter mRNA to the mitochondrial
vicinity: the mts coding sequence and the 3'UTR.

Only 48 bp of the Atml1p’s mts coding sequence are suffi-
cient to guide the reporter mRNA to the vicinity of mitochon-
dria. To better define the region within the mts coding se-
quence involved in the targeting of the reporter mRNA to the
mitochondrial vicinity, plasmids were obtained in which 3, 16,
or 53 amino acids of the Atm1p N-terminal region were fused
to the GFP (Fig. 5B). Cells expressing the different chimeras
under the transcriptional control of the ATMI promoter and
possessing the PGKI 3'UTR were examined. Transcripts syn-



VoL. 20, 2000

A Mito-Polysomes

0 1 2 3 4

SPECIFIC LOCATION OF YEAST mRNAs ENCODING PROTEINS

7887

Free-Polysomes
0 1 2 3 4

GFP o ' L -
ATM1 | - ! v 5
ACT1 LI
COX3 " 0 W (= -
- e G - - D e || -
rRNAs
- b o e
B L % of hybrid mRNAs
Chimeric constructs in Mito-Polysomes
1 —{sutr aTmi]| GFP |3utR aTMI|— 785+ 8
1-3
2 —| 5'UTR ATMI |M'rs| GFP |3'UTR ATMI |- 85+6
1-53
3 —[sutr atvi] GFP |sutrpckl |-  17.6 + 4
1-3
4 — 5'UTR ATMI| MTS| GFP | 3'UTR PGKI|- 88+ 8

1-53

FIG. 4. ATM1 sequences required for the asymmetric subcellular distribution of GFP hybrid mRNAs. (A) Wild-type CW04 cells (lane 0) or cells carrying the four
plasmids (lanes 1 to 4) described in Fig. 3 C were grown until early log phase and harvested in order to purify free and mitochondrion-bound polysomes (see Materials
and Methods). Then, 10 pg of RNA extracted from each polysomal fraction was separated on formaldehyde-agarose gels, subjected to Northern blot analysis, and
hybridized successively with GFP, ATM1, ACT1, and COX3 probes. Methylene blue staining of the filters is shown at the bottom. Results obtained for RNA prepared
from mitochondrion-bound polysomes (Mito-Polysomes) are shown in the left panel, and those obtained from free cytoplasmic polysomes (Free-Polysomes) are shown
in the right panel. The autoradiograms represent exposure times of between 2 and 4 h at —80°C, with Amersham intensifying screens, for all the probes except ATM1,
which required an exposure time of approximately 16 h. (B) Chimeric constructs are represented, as well as the percentage of the hybrid mRNA signal measured in
polysomes bound to mitochondria, given as a mean of six independent experiments. In all cases, the presence of the ATMI mits or its 3'UTR allowed the GFP hybrid
mRNA to behave, with respect to its final subcellular localization, as the endogenous ATM1 mRNA.

thesized from these plasmids were expressed at similar levels,
and the sizes visualized for each individual mRNA were in
agreement with theoretical calculations (Fig. 5A).

RNA for mitochondrion-bound polysomes and free cyto-
plasmic polysomes were obtained and subjected to Northern
blot analysis (Fig. 5C). Deletion of the region coding for amino
acids 17 to 53 of Atm1p had no effect on the localization of the
hybrid mRNA. This mRNA behaves as the mRNA containing

the full-length presequence and as endogenous A7TM1 mRNA;
84% of the overall mRNA signal was found in mitochondrion-
bound polysomes (Fig. 5B and C, lanes 2 and 3). As shown in
Fig. 4, we confirmed that the mitochondrial localization of the
reporter mRNA was completely abolished when the sequence
coding for the first three amino acids of Atm1p were fused to
the GFP in the absence of the ATM1 3'UTR (Fig. 5C, lane 1).
Hence, one of the necessary and sufficient addressing compo-
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FIG. 5. Minimal region within the mts of Atm1p required for the correct localization of GFP hybrid mRNAs. (A) Three plasmids in which the GFP was fused in
frame either with the complete mts of Atm1p or with shortened mts versions were obtained. RNA extracted from whole cells was checked by Northern blot analysis.
The steady-state levels of each hybrid mRNA were very similar, and the sizes measured were as expected. The approximate size for each individual mRNA was as
follows: plasmid 1, 0.9 kb; plasmid 2, 1 kb; and plasmid 3, 1.1 kb. (B) Chimeric constructs examined are represented. In plasmid 1 the GFP was fused in frame to the
first three amino acids of Atmlp, in plasmid 2 the first 16 amino acids of AtmIp were fused to the GFP, and in plasmid 3 the complete mts was present. In all of the
plasmids, the stop codon was associated with the 3'UTR of the PGKI gene. Calculations of the relative abundance of each mRNA in mitochondrion-bound polysomes,
for six independent experiments, were obtained after the normalization of each signal with the internal markers COX3 or ACTI. (C) Northern blots performed with
RNAs purified from mitochondrion-bound polysomes (Mito-Polysomes) and free cytoplasmic polysomes (Free-Polysomes) are shown. Methylene blue staining of the
filters is shown at the bottom. The autoradiograms represent exposures times of between 2 and 4 h at —80°C, with Amersham intensifying screens, for all of the probes

except ATM1, which required an exposure time of approximately 16 h.

nents of the ATM1 mRNA encompasses the sequence coding
for amino acids 1 to 16 of the precursor protein.

Effects of deletions in the ATM1 3'UTR on mRNA subcel-
lular distribution. To better characterize the nucleotide se-
quence within the 3'UTR of ATM1 responsible for mRNA
transport to mitochondrion-bound polysomes, the regions be-

tween the stop codon and the canonical polyadenylation signal
sequence AATAAA (28) were shortened by 97 and 238 bp,
respectively (Fig. 6B). Total RNA was prepared from cells
expressing either of these plasmids and submitted to Northern
blot analysis. To our surprise, mRNAs transcribed from plas-
mids bearing deletions in their 3'UTR are slightly longer than
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FIG. 6. Minimal region within the 3'UTR of ATM1 required for the correct localization of GFP hybrid mRNAs. (A) Northern blots were performed using RNA
extracted from whole cells carrying plasmids in which the regions between the stop codon and the canonical polyadenylation signal sequence AATAAA was shortened
by 238 and 97 nucleotides, respectively. The steady-state levels of these individual mRNAs were quite similar in all of the cells tested. The approximate sizes for each
hybrid mRNA were as follows: plasmid 1, 0.7 kb; plasmid 2, 1 kb; and plasmid 3, 0.8 kb. (B) Two plasmids were constructed in which deletions of the ATM1 3'UTR
were performed. In plasmid 1 the complete 507 bp region of the 3'UTR was associated with the stop codon; the stop codon and the canonical polyadenylation signal
sequence AATAAA are separated in this plasmid by 362 nucleotides. In plasmids 2 and 3, 97 and 238 nucleotides, respectively, shortened the region between the stop
codon and the AATAAA signal. In all three chimeric constructs, the GFP is associated in frame with the first three amino acids of Atm1p. Calculations of the relative
abundance of each transcript in mitochondrion-bound polysomes, for six independent experiments, were obtained after the normalization of each signal with the
internal markers COX3 or ACTI. (C) Northern blots performed with RNAs purified from mitochondrion-bound polysomes (Mito-Polysomes) and free cytoplasmic
polysomes (Free-Polysomes). Methylene blue staining of the filters is shown at the bottom. The autoradiograms represent exposures times of between 2 and 4 h at
—80°C, with Amersham intensifying screens, for all of the probes except ATMI, which required an exposure time of approximately 16 h.

those from the original plasmid; the cleavage at the polyade-
nylation site may be modified in these constructs. However, the
steady-state levels of each hybrid mRNA were quite similar in
all the tested cells (Fig. 6A). To examine the distribution of
transcripts produced from the new set of chimeric constructs,
RNA was extracted from mitochondrion-bound polysomes and
free cytoplasmic polysomes and submitted to Northern blot
analysis (Fig. 6C). The hybrid mRNA, bearing the 238-bp

deletion, was almost exclusively found in free cytoplasmic poly-
somes; only 19.5% of the overall signal was measured in mi-
tochondrion-bound polysomes (Fig. 6B and C, lane 3). In con-
trast, the 97-bp deletion had little effect on mRNA targeting;
the transcript synthesized from the corresponding plasmid
behaves roughly like A7TM1 mRNA. Consistently, 80% of the
hybrid mRNA localized to mitochondrion-bound polysomes
(Fig. 6B and C, lane 2). Therefore, the region between the stop
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FIG. 7. gRNA ,1,,; transcripts localized to the mitochondrial vicinity in living
yeast cells. (Upper panel) The RNA-labeling system contains two components:
the RNA binding MS2 CP fused to the GFP (CP-GFP) and an RNA transcript
containing two CP-binding sites (7). The CP-binding sites were fused to the
complete 3'UTR of PGKI (A), the complete 3’'UTR of ATM1 (B), and the
nucleotide sequence coding for the first 53 amino acids of Atmlp (C). When
coexpressed in the cell, the two components interact to form a GFP-labeled
RNA (gRNA) which can be visualized using common fluorescence microscopy
techniques. (Lower panel) We generated gRNA ;7,,; by placing either the entire
3'UTR of ATM1 (B) or the sequence corresponding to the Atmlp’s mts (C)
downstream of the CP-binding sites. Coexpression of CP-GFP and ATM1I re-
porter RNAs produces spots of fluorescence, which colocalize with the Hoechst
cytoplasmic labeling. The discrete GFP fluorescent spots distinguished are very
similar to the chondriolites, previously described as representing mitochondrial
DNA (41, 55, 60). We were able to visualize arrangement changes of chondrio-
lites by using Hoechst staining in cells that had grown in 2% galactose (galactose)
instead of 2% glucose (glucose); gRNA 7, remarkably followed the same
cytoplasmic distribution as mitochondrial DNA. In contrast, the gRNA contain-
ing the PGKI 3'UTR consistently showed a homogeneous staining all over the
cytoplasm (A).

codon and the AATAAA signal plays a critical role in the
correct cellular localization of the reporter mRNA.

Imaging gRNA ,;,,, localization in live cells. The RNA-la-
beling system recently described (7) to visualize native RNA
movement in living cells was used to confirm the mRNA ad-
dressing information included in the mts coding sequence
and the 3'UTR of ATM1. A regulated cytoplasmic coat protein
(CP)-GFP was used to visualize the transcript without high
levels of background fluorescence. Additionally, the plasmid
contains only two CP-binding sites, which was sufficient to vi-
sualize the mRNA (Fig. 7, upper panel). Three sequences were

MoL. CELL. BIOL.

studied as possible regulators of the RNA subcellular distribu-
tion: (i) the 3'UTR of the PGKI gene, which encodes a cyto-
plasmic protein and which directs the localization of hybrid
GFP mRNAs to free cytoplasmic polysomes (Fig. 4 and 5); (ii)
the 507 bp of the complete ATM1 3'UTR, which was able to
address the hybrid GFP mRNA to mitochondrion-bound poly-
somes (Fig. 4 and 6); and (iii) the nucleotide sequence corre-
sponding to the first 53 amino acids of Atm1p, which we know
to be sufficient to allow the reporter mRNA localization to the
vicinity of mitochondria (Fig. 4 and 5).

Yeast cells were transformed with both plasmids directing
the production of the CP-GFP fusion protein and the reporter
RNA transcripts (gRNA), respectively. Two conditions of cell
growth were used to examine the gRNA subcellular distribu-
tion. Cells were grown either in 2% glucose or 2% galactose. In
yeast, the effects of growth conditions on mitochondrial mor-
phology have been well documented (41, 55, 60). Yeast cells
expressing both CP-GFP chimera and the ATM1 reporter
RNAs, called gRNA ,;,,,, (Fig. 7, lower panel, rows B and C)
contained small discrete fluorescence spots, which remarkably
colocalized with Hoechst cytoplasmic staining. These discrete
speckles are reminiscent of mitochondrial nucleoids, termed
chondriolites, described as mitochondrial DNA visualized by
the DAPI (4',6'-diamidino-2-phenylindole) or DASPMI stain-
ing techniques (41, 55, 60). Cells expressing the gRNA tran-
script containing the 3'UTR of PGKI consistently presented
no organized subcellular distribution, with a general staining in
the cytoplasm (Fig. 7, lower panel, row A). Comparison of the
fluorescence labeling in cells grown in glucose to cells grown
in galactose showed significant differences in the punctuate
distribution of GFP spots, which are consistently localized
to cytoplasmic regions also stained by the Hoechst reagent.
Hence, gRNA  ,,; specifically localizes to the vicinity of mi-
tochondria in living cells.

DISCUSSION

Asymmetric cell division contributes to the generation of
different cell types during the development of multicellular
organisms. In Drosophila and Xenopus, mRNAs rather than
proteins are often asymmetrically distributed (35, 42). Segre-
gating mRNAs instead of proteins has the advantage of local-
izing protein synthesis to the site of the protein’s action (6, 27,
32), which could be an advantage for hydrophobic proteins. In
yeast, regulation of mating-type switching requires the concen-
tration of Ashlp within the daughter nucleus (9, 54). Recent
work demonstrated that the asymmetric distribution of Ashlp
to daughter nuclei requires localization of its mRNA at the
bud tip (38, 58).

While analyzing the mRNA composition of mitochondrion-
bound polysomes in yeast, three classes of mRNAs coding for
mitochondrially destined proteins were distinguished: (i) those
like ATM1 and COXI0, which are exclusively associated to
mitochondria; (ii) those which are equally distributed between
mitochondrial and nonmitochondrial fractions (TOM20 and
ABF?2); and (iii) those that are weakly found in the mitochon-
drial fraction (COX6, AAC1, and MIRI).

Unexpectedly, this distribution does not overlap the hydro-
phobic properties of the corresponding proteins; indeed, they
are found in both the first and third categories. However, it is
worth noting that the hydrophobic proteins of the first group,
Atmlp and Cox10p, have an N-terminal targeting sequence,
whereas the two hydrophobic proteins of the third class, Aaclp
and Mirlp, are carriers possessing internal targeting signals.
This prompted us to examine the mRNA addressing informa-
tion contained in the N-terminal targeting sequence, taking
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ATMI as a model system. Atm1p is an ABC transporter of the
mitochondrial inner membrane, involved in mitochondrial iron
metabolism and required for generation of cytosolic Fe/S pro-
teins (33, 34, 36). Atmlp is a highly hydrophobic protein that,
when overproduced, is poorly translocated inside the organelle
(14). Furthermore, we demonstrated here that ATM1 mRNA
localizes exclusively to mitochondrion-bound polysomes. Chi-
meric plasmids were produced using the GFP expressed under
the control of the ATM1 promoter. The sequence coding for
the mts of Atm1p, which is 53 amino acids long (36), was tested
for its ability to address GFP mRNA to the mitochondrial
vicinity. The reporter mRNA possessing this sequence is ex-
clusively localized to mitochondrion-bound polysomes, just
like the endogenous ATM1 mRNA. Therefore, the Atm1p mts
coding sequence is able to deliver ATM1 mRNA to its final
destination at the mitochondrial vicinity. More precisely, we
were able to show that the cis-acting information that guides
the mRNA to the mitochondrial vicinity is included in the
nucleotide region coding for the first 16 amino acids of Atm1p.
Several examples in mammalian cells demonstrated unambig-
uously that translation is tightly coupled with mitochondrial
import. This is the case for aldehyde dehydrogenase and ade-
nylate kinase enzymes, both of which use a cotranslational
mitochondrial import pathway (44, 45). Our data suggest that
the ATM1 mts coding region could play a role in connecting
the mRNA specific localization and the translation processes.
However, using a novel approach to visualize RNA movement
in real time in living cells (7, 8), we demonstrated that the
mRNA targeting process does not require the translation of
the mts coding region. Indeed, the green RNA, which colocal-
izes with mitochondria (Fig. 7), is unlikely to be translated.
These experiments confirm the biochemical studies of mito-
chondrion-bound polysomes and strengthen the idea that, un-
der physiological conditions, the ATM1 mRNA when exported
from the nucleus is quickly sorted to mitochondria.

Moreover, the process of specific intracellular compartment
mRNA localization is often mediated by cis-acting elements
within the 3'UTR of the transcripts (27, 56). In yeast, ASHI
mRNA is localized to the distal tip of daughter buds in post-
anaphase cells. To achieve this localization, the transcript must
have its 3'UTR and the actin cytoskeleton must be intact (38,
58). In our study, the entire 3'UTR region of ATM1 was able
to address a GFP mRNA to mitochondrion-bound polysomes
in the absence of the Atmlp mts coding sequence. Interest-
ingly, the region between the stop codon and the polyadenyl-
ation signal is important in this process. Indeed, a deletion of
238 nucleotides within the region spanning the codon stop and
the AATAAA signal, normally separated by 362 bp, abolishes
the localization of the reporter mRNA to mitochondrion-
bound polysomes. Besides, our observation that green RNA
containing the ATM1 3'UTR exclusively localized to the vicin-
ity of mitochondria in living cells (Fig. 7) is in agreement with
our biochemical studies. Since this gRNA is not translated, it
appears clearly that the sorting process is not the consequence
of the messenger tethering by the translation machinery lo-
cated in the vicinity of the mitochondria. The secondary struc-
ture for the 3'UTR of ATM1 and other nuclearly encoded
mitochondrial genes predicted several long and stable double-
stranded regions. Additionally, for all of them the AU content
is approximately 70%, a finding which is reminiscent of the
highly conserved 3'UTR of nucleus-encoded mitochondrial
proteins of rat liver (28). It has been shown that the 3'UTR of
the B1-F1 ATPase transcript is involved in controlling the
translation, stability, and subcellular localization of the mRNA
during rat liver development (18).

We demonstrated here that, for the ATM1 gene, either the
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mts coding sequence or the 3'UTR is independently sufficient
to localize the mRNA to mitochondrion-bound polysomes.
The redundancy of localizing elements has been observed in
only three cases: ASHI mRNA in yeast (10, 25), in the Dro-
sophila bicoid mRNA (39), and in the Xenopus Vgl mRNA
(22). The coding sequence for the mts and the 3'UTR of the
ATM1 mRNA could interact to achieve the efficient translation
and mitochondrial translocation of the precursor. This is rem-
iniscent of the B1-F1 ATPase translation process, which is
mediated by the cross-talk between the 5’ and 3’ ends of its
mRNA (26).

In conclusion, this study presents compelling evidence that,
in yeast, translation of a subset of mitochondrion-destined pre-
cursors occurs subsequent to mRNA localization to the mito-
chondrial vicinity. A study using DNA micro-array is cur-
rently in progress to find consensus targeting motifs based
on different mRNA species exclusively localizing to mito-
chondrion-bound polysomes. Finally, the GFP chimera cou-
pled to gRNA 4., reporters will provide a rapid and conve-
nient way to characterize mutants affecting RNA localization
(8, 38) and mitochondrial function. These two complementary
approaches will help us to elucidate some of the molecular
mechanisms involved in yeast mitochondrial biogenesis.
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