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served post-transcriptional process crucial for a variety of systems. Although
several mechanisms have been identified, emerging evidence suggests that most transcripts reach the
protein functional site by moving along cytoskeleton elements. We demonstrated previously that mRNA for
mitochondrial ribosomal proteins are asymmetrically distributed in the cytoplasm, and that localization in
the proximity of mitochondria is mediated by the 3′-UTR. Here we show by biochemical analysis that these
mRNA transcripts are associated with the cytoskeleton through the microtubule network. Cytoskeleton
association is functional for their intracellular localization near the mitochondrion, and the 3′-UTR is
involved in this cytoskeleton-dependent localization. To identify the minimal elements required for
localization, we generated DNA constructs containing, downstream from the GFP gene, deletion mutants of
mitochondrial ribosomal protein S12 3′-UTR, and expressed them in HeLa cells. RT-PCR analysis showed that
the localization signals responsible for mRNA localization are located in the first 154 nucleotides. RNA pull-
down assays, mass spectrometry, and RNP immunoprecipitation assay experiments, demonstrated that
mitochondrial ribosomal protein S12 3′-UTR interacts specifically with TRAP1 (tumor necrosis factor
receptor-associated protein1), hnRNPM4 (heterogeneous nuclear ribonucleoprotein M4), Hsp70 and Hsp60
(heat shock proteins 70 and 60), and α-tubulin in vitro and in vivo.

© 2008 Elsevier B.V. All rights reserved.
1. Introduction
Localization of mRNA to subcellular regions is a widespread mechan-
ism of post-transcriptional control of gene expression that allows local
protein synthesis to occur at a specific time and place in the cell. Maternal
mRNA localizationplays a crucial role in differentiation and development,
in many organisms, including Caenorhabditis elegans, Drosophila melano-
gaster, and Xenopus laevis. In somatic cells, the asymmetrical distribution
of mRNAs in the cytoplasm may facilitate protein import into organelles
[1]. Several mechanisms for mRNA localization have been identified.
However, emerging evidence suggests that most transcripts reach the
protein functional site by moving along cytoskeleton elements [2,3]. In
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most polarized cell types, including neurons, oligodendrocytes, and
astrocytes, mRNAs are transported onmicrotubules [4–6]. Awell-studied
example of actin-dependent mRNA localization is yeast where a myosin
motor (Myo4p) is involved in the localization of the ASH1 mRNA [7].
Preferential use of a particular cytoskeleton element seems to be
characteristic of a specific cell type. In fibroblasts, β-actin mRNA moves
along amicrotubule network [4], whereas in neurons the same transcript
is transported on actin [8]. In higher eukaryotes, a transcript controls its
sorting through a specific subset of cytoskeletal tracks [2].

A common theme shared by most localized mRNAs is that
sequences within the transcript that address it to the specific cell
destination lie in the 3′-UTR. The localization elements of a transcript
are also known as “zip codes”. They range in length from a few
nucleotides to over 1 kb and represent the binding site for specific
proteins that mediate the correct localization of mRNA in the
cytoplasm. Although some mRNAs contain localization information
in a single zip code, the correct subcellular distribution of most
transcripts depends on multiple sub-elements [9]. In Drosophila, there
are examples of transcripts in which different localization signals
mediate distinct steps of the localization event. The 3′-UTR of oskar
mRNA contains three different regions each of which takes part in a
specific localization step [10].
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Table 1
LDH activity in subcellular fractions

a

Soluble Cytoskeletal

Control 96.5±0.2 3.5±0.4
Lat A 95.8±1.0 4.2±0.4
Noc 96.8±0.7 3.2±0.7
GFP 96.5±0.4 3.5±0.6
GFP/mt-rpS12 95.7±0.3 2.3±0.7

b

Cytosol Mitochondrial

Control 95.6±0.3 4.4±0.5
Noc 96.2±0.8 3.8±0.2
GFP 97.3±0.5 2.7±0.3
GFP/mt-rpS12 97.5±0.5 2.5±0.5
GFP/mt-rpS12Δ1 95.8±1.0 4.2±0.8
GFP/mt-rpS12Δ2 96.3±0.7 3.7±0.5
GFP/mt-rpS12Δ3 98.2±0.6 1.8±0.5
GFP/mt-rpS12Δ4 96.8±0.4 3.2±0.2

Aliquots from each fraction were assayed for LDH activity. As expected, the activity of
LDH resulted within the soluble fraction (a), and the cytosolic fraction (b) preferentially.
Data are expressed as a percent of the total activity. The different experiments performed
in this study are indicated: HeLa cells untreated (control), cells treated with Latrunculin
A or Nocodazole, cells transfected with GFP vector (GFP), chimeric constructs containing
the full mitochondrial rpS12 3′UTR (GFP/mt-rpS12) or deletions of it (GFP/mt-rpS12 or
GFP/mt-rpS12Δ1, GFP/mt-rpS12Δ2, GFP/mt-rpS12Δ3, GFP/mt-rpS12Δ4).
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Zip codes function through trans-acting factors that specifically
bind to them. Recently, several trans-acting RNA-binding proteins
required for mRNA localization have been identified. These include zip
code-binding proteins, scaffolding proteins andmotor proteins [11]. In
chicken fibroblasts, ZBP1 and ZBP2 are two zip code-binding proteins
that recognize and bind to β-actin zip code thereby helping to localize
efficiently β-actin mRNA in the cytoplasm [12].

In yeast, several mitochondrial mRNAs, which are nuclear genome-
encoded, are localized at the proximity of the organelle; their correct
distribution in the cytoplasm depends on localization elements
present in their 3′-UTRs [13,14] and seems to be crucial for the
function of the organelle. For example, ATP2 mRNA localizes on
mitochondrion-bound polysomes and its localization is essential for
respiratory function [15]. This mRNA sorting process appears to be
conserved from yeast to human cells [16].

We recently demonstrated that cytosolic and mitochondrial
ribosomal proteins (r-proteins) are a class of localized transcripts in
mammalian cells [17]. They are located near the nucleus and the
mitochondrion, respectively, and their specific subcellular distribution
depends on localization signals contained in the 3′-UTR region.
Moreover, cytosolic r-protein mRNAs (rp-mRNAs) are transported
and/or anchored to the cytoskeleton via actin microfilaments [17].

The aims of our study were to investigate the role of the
cytoskeleton in the localization of mitochondrial rp-mRNAs; to
identify the cis-acting regions of mitochondrial rp-mRNA 3′-UTR
that contain the minimal localization signal essential to direct the
transcripts to the mitochondrion; to isolate trans-acting factors that
mediate rp-mRNA sorting by binding to them either directly or
indirectly. Our data demonstrate that mitochondrial rp-mRNAs are
associated to the cytoskeleton through the microtubule network; the
localization signals in cis responsible for mt-rpS12 mRNA localization
are located in the first 154 nucleotides of its 3′-UTR; and TRAP1
(tumor necrosis factor receptor-associated protein1), hnRNPM4,
Hsp70, Hsp60 (heat shock proteins 70 and 60) and α-tubulin are
four trans-acting factors that, in vitro and in vivo, bind to the mt-rpS12
3′-UTR and thus are probably involved in the localization process.

2. Materials and methods

2.1. Cell cultures and drug treatments

To study the association of mitochondrial rp-mRNAs with
cytoskeleton, we grew HeLa cells in Dulbecco's modified Eagle's
medium supplemented with 10% fetal bovine serum, treated them for
20 min with compounds that disrupt the integrity of distinct
components of the cytoskeleton, and then harvested the subcellular
fractions. Specifically, cells were treated with 40 μM nocodazole
(Calbiochem, Darmstadt, Germany) to depolymerize the microtubule
network or 5 μM latrunculin A (Calbiochem) to disrupt actin filaments.
To verify that the drugs resulted in the depolymerization of
microfilaments or microtubules, cells were processed for western
experiments using antibodies against β-actin (Sigma, St. Louis, MO) or
β-tubulin (Amersham, Buckinghamshire, UK).

2.2. Cellular fractionation

To analyze the subcellular distribution of mitochondrial rp-mRNAs,
HeLa cells were fractionated to obtain S and Ck fractions. Briefly, cells
from a 35-mm plate (2×106 cells) were washed with ice-cold PBS 1×
and treated with 1 ml of ice-cold extraction buffer (10 mM Pipes,
pH 6.8, 100 mM KCl, 2.5 mM MgCl2, and 0.1% Triton X-100) at 4 °C for
1 min. The material obtained under these conditions is referred to as
the “S fraction”. Subsequently, the cell remnants were scraped in 1 ml
of ice-cold cytoskeleton buffer (20 mM HEPES, pH 7.5, 0.5 M NaCl,
30 mM Mg-acetate, 0.5% deoxycholate, and 1% Tween-20) and left for
5 min on ice. This suspension was passed through a low-gauge needle
and centrifuged for 5 min at 4 °C at 10,000 ×g. The recovered
supernatant is referred to as the “Ck fraction”. Lactate dehydrogenase
(LDH) activity was measured in these fractions by using a commer-
cially available kit (Sigma-Aldrich) according to the manufacturer's
instructions (Table 1a). To purify mitochondria, subcellular fractiona-
tion of cells was carried out using a standard protocol for
mitochondrial isolation, slightly modified [18]. Essentially, cells from
four 100-mmplates (8×107 cells) were washed oncewith ice-cold PBS
1×; harvested in 1.3 ml of ice-cold PBS 1× and centrifuged at 250 ×g for
10 min at 4 °C. The cell pellet was resuspended by gentle pipetting in
10 volumes of ice-cold 0.133 M NaCl, 5 mM KCl, 0. 7 mM Na2HPO4,
25 mM Tris–HCl, pH 7.5, and centrifuged again at 250 ×g for 10 min at
4 °C. The pellet was resuspended by pipetting up and down in 500 μl of
ice-cold 10 mM NaCl, 1. 5 mM CaCl2, and 10 mM Tris–HCl, pH 7.5, and
kept on ice for 15 min. An equal volume of ice-cold 0.7 M sucrose,
0.21Mmannitol, 2 mM EDTA, and 20mMTris–HCl, pH 7.5, was added,
and nuclei and cell debris were removed by two sequential
centrifugations at 600×g for 30 min at 4 °C to separate “raw” cytosolic
(supernatant) and mitochondrial (pellet) fractions. The mitochondria
were washed once with 1 ml of ice-cold 0.1 M NaCl, 50 mM Tris–HCl,
pH 8.5, and 10 mM EDTA, and resuspended in a final volume of 300 μl
of the same buffer immediately prior to nucleic acid isolation. The
activity of LDH was measured in these fractions as described above
(Table 1b).

2.3. Immunoblot analysis

Proteins were extracted from S and Ck fractions. Aliquots of
samples (30 μg) were resolved by 12% SDS gel electrophoresis and
transferred into nitrocellulose filters. The membranes were blocked in
PBS 1×, 0.2% Tween and 5% drymilk for 2 h, and then actin (Sigma) and
tubulin (Amersham) were revealed by specific antibodies and
peroxidase-conjugated antibodies (Amersham). An enhanced chemi-
luminescence (ECL) system (Amersham) was used for detection.

2.4. Generation of mitochondrial rpS12 3′-UTR reporter constructs

The constructs used are shown in Fig. 4A. All mt-rpS12 constructs
were generated by PCR using specific primers (Table 2). The 3′-UTR
fragments obtainedwere subsequently inserted downstream from the
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reporter gene GFP in the pEGFP-C1 expression vector (Clontech,
Mountain View, California) using the HindIII and BamHI cloning sites.
All fusion plasmids, prepared using QIAGEN kits (Hilden, Germany),
were sequenced to verify the accuracy of the constructs.

2.5. Cell transfection

Transfection was carried out using LipofectAMINE™2000 (Invitro-
gen, Carlsbad, California). The cells were grown at 80–90% confluency
in 35-mm plates or 100 mm plates and were then covered with a
mixture of specific DNA and LipofectAMINE, as indicated by the
manufacturer. 24 h or 48 h after transfection total RNA extracted from
the cells was analyzed by semi-quantitative RT-PCR.

2.6. RNA extraction and semi-quantitative RT-PCR

All biochemical fractions were treated with 200 μg/ml proteinase K
(Roche, Mannheim, Germany) in 0.5% SDS for 30min at 37 °C and total
RNAwas purified by repeated phenol/chloroform (v/v 1:1) extraction,
and ethanol precipitated. The distribution of mitochondrial rp-mRNAs
among the different subcellular fractions was determined by RT-PCR.
After DNAse treatment, 1 μg of total RNA was reverse-transcribed into
cDNA by the randomhexamers technique using 200 U of Superscript II
RNAse H−Reverse Transcriptase (Invitrogen). The reaction was carried
out at 42 °C for 50 min and heated to 75 °C for 15 min to terminate it.
Ten microliters of the 40 μl reaction mixture were PCR-amplified in a
final volume of 50 μl, using 5 μM specific primer (Table 2), 10 mM
dNTPs, and 0.5 U Taq DNA polymerase (Invitrogen). Typically, 25–30
cycles of amplification were performed. In separate experiments, we
ascertained that the cycle number was within the linear range of
amplification. PCR products were visualized on 1% agarose gels
containing the fluorescent Vistra green dye (Amersham Pharmacia
Biotech) [19]. The labeling intensity of the PCR product, which is linear
to the amount of DNA, was quantified using the PhosphorImager
STORM 840 system (Amersham).

2.7. RNA pull-down assay and mass spectrometry

In order to identify proteins binding specifically to mitochondrial
rpS12 3′-UTR, we used RNA pull-down assay and adipic acid
dehydrazide beads. Briefly, 20 μg of mt-rpS12 mRNA were placed in
a 400 μl reaction mixture containing 100 mM NaOAc, pH 5.2, and
5 mM sodium m-periodate (Sigma), incubated for 1 h in the dark at
room temperature, ethanol precipitated, and resuspended in 100 μl of
100mMNaOAc, pH 5.2. Then 300 μl of adipic acid dehydrazide agarose
beads 50% slurry (Sigma) equilibrated in 100 mM NaOAc, pH 5.2, was
added to this mixture and incubated for 12 h at 4 °C on a rotator. The
beads with the bound RNA were pelleted, washed twice with 1 ml of
2 M NaCl, and equilibrated in washing buffer (5 mM HEPES, pH 7.9,
1 mM MgCl2, 0.8 mM magnesium acetate). The mt-rpS12 3′-UTR was
then incubated with 7 mg of HeLa protein extract for 30 min at room
temperature in 0.6 ml final volume. Heparin was also added to a final
concentration of 7 μg/μl. The beads were then washed four times in
1.5 ml of washing buffer. The bound proteins were eluted in SDS
sample buffer and loaded on 12.5% SDS-PAGE. Gels were stained with
colloidal blue staining kit (Invitrogen Life Technologies) and protein
bands were excised from the gel and destained. The samples were
reduced and carboxyamidomethylated with 10 mM DTT and 55 mM
iodoacetamide in 0. 1 M NH4HCO3 buffer, pH 7.5. Tryptic digestion of
the alkylated samples was performed by adding two aliquots of
enzyme for 4 hr and overnight respectively.

MALDI-MS experiments were performed on a Voyager DE-STR
MALDI-TOF mass spectrometer (Applied Biosystems, Framingham, MA)
equippedwith anitrogen laser (337nm). Typically,1 μl of the total peptide
mixture was mixed (1/1, v/v) with a 10 mg /ml solution of R-cyano-4-
hydroxycinnamic acid in acetonitrile/50 mM citrate buffer (2/3, v/v).
NanoLC-MS2 experiments were carried out with a 4000 QTrap
mass spectrometer (Applied Biosystems) coupled to an 1100
nanoHPLC system (Agilent Technologies, Buckinghamshire, UK).
Peptides were separated on an Agilent reversed-phase column
(Zorbax 300 SBC18, 150 mm), at a flow rate of 0.2 μl/min using 0.1%
formic acid, 2% ACN in water as solvent A 0.1% and formic acid, 2%
water in acetonitrile as solvent B. Elutionwas carried out with a 5–65%
linear gradient of solvent B in 60 min. A micro-ionspray source was
used at 2.5 kV with liquid coupling, with a declustering potential of
50 V, using an uncoated silica tip from New Objectives (Ringoes, NJ).

Peptide mass values recorded in the MALDI spectra and fragment
ions recorded in ESIMSMS spectrawere used for database search using
the Mascot software.

Pulled-down proteins were analyzed by western blotting with
anti-TRAP1, anti-hnRNPM4, anti-Hsp70, anti-Hsp60, anti-α-tubulin
(Calbiochem) and anti-SH-PTP1 (SH-protein-tyrosine phosphatase;
Santa Cruz Biotechnology, Santa Cruz, California).

2.8. RIPA (RNP Immunoprecipitation Assay)

HeLa cells (2×107) were lysed in 600 μl of RIPA buffer (10 mM Tris–
HCl, pH 7,5, 150 mM NaCl, 0.1 mM EDTA, 1 mM Na orthovanadate,
0.05 M NaF, 0.5% NP40) with protease inhibitors (Roche) for 60 min on
ice and then centrifuged at 11,000 g at 4 °C for 15min. The supernatant
was precleared by incubatingwith 50 μl of protein A/G plus agarose for
1 h at 4 °C. The precleared cell extracts were then incubated with
specific antibodies (Santa Cruz) overnight at 4 °C. Protein G-Sepharose
beads (50 μl of 50% slurry) were then added for 1 h at 4 °C with gentle
shaking and centrifuged. The immunoprecipitates were suspended in
100 μl TES buffer (10 mM Tris–HCl, pH 7.5, 0.5 mM EDTA, 0.5 % SDS),
incubated at 65 °C for 10 min, and centrifuged for 1 min at 11,000 g.
Tenmicroliters of the supernatant were stored as immunoprecipitated
samples and subsequently fractionated by SDS-PAGE. RNA was
extracted from 90 μl using Trizol procedure.

3. Results

3.1. Asymmetric distribution of mitochondrial rp-mRNAs in the soluble
versus cytoskeletal cell fractions

The spatial distribution of mRNAs in the cytoplasm occurs through
transport to and anchoring at specific subcellular regions where the
corresponding proteins function. The cytoskeleton is widely used, in a
variety of systems, to transport mRNAs from their transcription site in
the nucleus to their translational and degradation sites in the
cytoplasm [20].

In humans, we previously reported that mRNAs encoding cytosolic
andmitochondrial r-proteins constitute a class of localized transcripts.
Specifically, we demonstrated that transcripts encoding cytosolic r-
proteins are transported and/or anchored to the perinuclear region
and that transcripts encoding mitochondrial r-proteins accumulate
near the mitochondrion. We also demonstrated that correct localiza-
tion of mRNAs of cytosolic r-proteins in the cytoplasm is mediated by
specific interaction of these transcripts with actin microfilaments [17].
Consequently, we asked whether the accumulation of mRNA for
mitochondrial r-proteins at the proximity of the organelle was also
mediated by the cytoskeleton network. To this aim, we isolated
biochemically from HeLa cells two distinct fractions corresponding to
a detergent-soluble fraction (S) containing cytosolic components, and
a detergent-insoluble fraction (Ck), enriched in cytoskeleton ele-
ments. These two fractions were assayed for LDH activity, which is a
marker of the soluble fraction. More than 90% of LDH activity occurred
in the S fraction (Table 1a); thus the Ck fraction was free of S fraction
contaminants. Total RNA extracted from each fractionwas analyzed by
semi-quantitative RT-PCR using specific oligonucleotides against
mRNA for human mitochondrial r-proteins S2, S12, L3, L13 (mt-rpS2,
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mt-rpS12, mt-rpL3, mt-rpL13). The mRNA for cytosolic r-protein L4,
cy-rpL4, was used as a control of cytoskeleton-associated transcript
and, as expected, this mRNA was recovered preferentially in the
insoluble fraction Ck (Fig. 1A, B). In fact, all the tested transcripts
accumulated in the Ck fraction (Fig. 1A); the quantitative analysis
revealed that about 75% of these transcripts were associated with the
cytoskeleton (Fig. 1B). B-tubulin and actinwere associated with the Ck
fraction (Fig. 1C) confirming the integrity of cytoskeleton components
in the fraction preparation.

3.2. Mitochondrial rp-mRNAs associate with microtubules via the
3′-UTR region

Directional mRNA transport requires an intact cytoskeleton [21]. To
identify the class of cytoskeleton elements involved in the asymmetric
distribution of mitochondrial rp-mRNAs in the cytoplasm, we used a
pharmacological approach, previously used successfully [17] to
examine the effects of disruption of different cytoskeleton elements
on the localization of various rp-mRNAs. Specifically, we treated HeLa
cells with latrunculin A or nocodazole to induce the depolymerization
of actin microfilaments or microtubules, respectively. After the
treatment, cells were fractionated to obtain the S and Ck fractions.
RT-PCR analysis of total RNA, extracted from each fraction, shows that
only the selective disruption of the microtubule network caused by
nocodazole was effective in delocalizing the transcripts (Fig. 2A). In
fact, 80% of the signal was found in the S fraction following nocodazole
treatment (Fig. 2B). Disruption of actin filaments did not cause
changes in the subcellular distribution of mitochondrial rp-mRNAs
(Fig. 2A, B). Thus, these results indicate that mRNAs of mitochondrial
r-proteins cross the cell and/or anchor in the vicinity of the organelle
by moving along the microtubule network. The finding that cytosolic
andmitochondrial rp-mRNAs use two different classes of cytoskeleton
elements, actin ormicrotubules, to localize in two different subcellular
compartments, the perinuclear region or mitochondria surface,
respectively, suggests that different protein motors are involved in
mRNA transport and anchoring of these two subclasses of r-proteins.
Fig. 1. Mitochondrial rp-mRNAs are asymmetrically distributed between cytosol and cytosk
cytoskeletal (Ck) fractions as described under “Materials and methods”. Total RNA extracte
indicated mitochondrial r-proteins (see Table 2). Cytosolic rpL4 mRNA was used as a
PhosphorImager STORM 840 system (Amersham). For a given mRNA, the addition of both sig
of the total. The results shown represent the mean±s.d. of a minimum of three independen
Because the mt-rpS12 3′-UTR can localize a reporter transcript to the
proximity of mitochondria [17], we askedwhether this regionwas also
responsible for the association with the cytoskeleton. To address this
issue, we transfected the GFP/mt-rpS12 construct (see also Fig. 4),
which contains the full 3′-UTR of mt-rpS12 transcript downstream
from the GFP gene, in HeLa cells, untreated or nocodazole-treated.
Cells were fractionated to separate the S and Ck fractions, and
cytosolic (Cy) and mitochondrial (Mt) fractions, then the total RNA
was extracted from each fraction and analyzed by semi-quantitative
RT-PCR. Fig. 3A shows that the chimeric transcript was mostly (about
75%) associated to the Ck fraction in the absence of nocodazole. The
addition of the drug resulted in a dramatic change in the localization
of the mRNA. In fact, nocodazole induced the release of the GFP/mt-
rpS12 transcript from the Ck fraction and its accumulation in the S
fraction (Fig. 3A). Moreover, when mitochondria were separated from
the cytosolic fraction (Fig. 3B), the GFP/mt-rpS12 mRNA was
associated with mitochondria in the absence of nocodazole, whereas
nocodazole caused its release into the cytosolic fraction. Thus, the data
in Fig. 3 indicate that the microtubule network could be both the
motor by which the transcript is transported and the anchor to keep it
near mitochondria.

3.3. Domains necessary for the subcellular distribution of
mt-rpS12 mRNA

To identify signals responsible for the localization of mitochondrial
rp-mRNA, we performed a deletion analysis of the mt-rpS12 3′-UTR.
Using specific oligonucleotides (Table 2) and PCR, we generated
reporter constructs containing deletion mutants of mt-rpS12 3′-UTR
downstream from the GFP gene (Fig. 4A). HeLa cells were transiently
transfected; 48 h after transfection, the cells were biochemically
fractionated to obtain the Cy and theMt fractions. Total RNA, extracted
from each fraction, was analyzed by semi-quantitative RT-PCR.
The subcellular distribution of chimeric transcripts from constructs
GFP/mt-rpS12Δ1 and GFP/mt-rpS12Δ2, corresponding to 756–910 nt
and 911–1075 nt, respectively, was analyzed. The results of the
eleton. (A) HeLa cells were biochemically fractionated to separate the soluble (S) and
d from each fraction was subjected to semi-quantitative RT-PCR using probes for the
typical cytoskeletal-associated transcript. (B) The signals were quantified with the
nals was considered 100% and the RNA level in each fraction was expressed as a percent
t experiments. (C) Western blotting analysis of actin and tubulin in the fractions.



Fig. 2. Mitochondrial rp-mRNAs are specifically associated with cytoskeleton via microtubules. (A) HeLa cells treated with latrunculin A (Lat A) or nocodazole (Noc) were
biochemically fractionated and total RNAwas subjected to semi-quantitative RT-PCR as described in the legend to Fig. 1. Cytosolic rpL4mRNAwas used as a typical cytoskeletal actin-
associated transcript. (B) The signals in each fraction were quantified as described in the legend to Fig. 1. The results shown represent the mean±s.d. of a minimum of three
independent experiments.
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experiments are shown in Fig. 4B, C. The GFP/mt-rpS12Δ1 transcript
was associated to the Mt fraction (Fig. 4B). Quantification of signals
indicated that this region contains the information sufficient to
address the reporter gene to the vicinity of mitochondria. Instead, the
GFP/mt-rpS12Δ2 transcript accumulated prevalently in the Cy
fraction, suggesting that the region corresponding to 911–1075 nt
does not contain any signal able to locate a reporter transcript to the
proximity of the organelle (Fig. 4B). To further characterize the cis-
regulatory element within the nucleotide positions 756–910 in the
3′-UTR, we generated two additional constructs, GFP/mt-rpS12Δ3
and GFP/mt-rpS12Δ4, containing 3′-UTR sequences corresponding to
nucleotides 756–850 and 851–910, respectively. The subcellular
distribution of the corresponding transcripts between Cy and Mt
fractions showed that both directed about 70% of the GFP transcript
to the Mt fraction, i.e., to the correct subcellular localization of the
chimeric mRNA (Fig. 4B). These data led us to conclude that at least
two different localization signals are present in the region defined by
nucleotides 756–910 of mt-rpS12 3′-UTR, and each one is sufficient
for the correct localization of the chimeric transcript.

3.4. Identification of proteins interacting with the mitochondrial
rpS12 3′-UTR

It has been proposed that mRNAs are recognized by several
proteins taking part in the different steps of the localization process
[22]. We performed RNA affinity experiments in vitro to identify
proteins involved, in trans, in various steps of the process leading to
the association of mRNAs of mitochondrial r-proteins tomitochondria,
namely, recognition of the localization sequences, transport along
cytoskeleton elements, and anchoring at the protein functional site.
The mt-rpS12 3′-UTR was used as bait to evaluate its ability to bind
specific proteins. The beads coated with mt-rpS12 3′-UTR were
incubated with whole protein extract from HeLa cells. After stringent
washing, RNA-associated proteins were eluted and analyzed by
SDS-PAGE. Several specific bands (ranging from 42 kDa to 75 kDa)
were associated with the mt-rpS12 3′-UTR beads but not with control
beads (Fig. 5A, panel Coomassie, bands 1–5). The bands were excised
from the gel, reduced, alkylated and digested in situ with trypsin. The
resulting peptide mixtures were directly analyzed by MALDI/MS
according to the peptide mass fingerprinting procedure. Peaks
detected in the MALDI spectra were used to search for a non-
redundant sequence database using the in-house MASCOT software,
and exploiting the specificity of trypsin and the taxonomic category of
the samples. The set of experimental mass values was compared to the
theoretically predicted peptides from the proteins in the explored
database. The number of measured masses that matched within the
given mass accuracy of 200 ppm was recorded and the proteins that
had the highest number of peptide matches were examined. The
probability score of the second best candidate identified by the
programwas several orders of magnitude lower. Additional data were
obtained in nanoLC/MS/MS experiments. Several spots could not
reliably be identified by peptidemass fingerprinting. Thus, the peptide
mixtures were fractionated by nanoHPLC and sequence information
was obtained by tandem mass spectrometry on a 4000 QTrap linear



Fig. 3. The 3′-UTR of mt-rpS12 is required for the association to the cytoskeleton. HeLa cells, untreated or Noc treated, were transfected with GFP/mt-rpS12 DNA (see also Fig. 4),
biochemically fractionated and total RNA was subjected to semi-quantitative RT-PCR analysis as described in the legend to Fig. 1. (A) left panel, Cytosolic rpL4 mRNA and GFP mRNA
were used as cytoskeletal (Ck) and soluble (S, Cy) markers, respectively. (B) left panel, Mitochondrial-encoded COXII was used as control of mitochondrial fraction (Mt). (A) and (B)
right panel, The signals in each fraction were quantified as described in the legend to Fig. 1. The results shown represent the mean±s.d. of a minimum of three independent
transfection experiments.
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ion trap instrument so leading to the unambiguous identification of
the candidate protein. Among the putative interactors identified with
this integrated approach, here we report the identification of TRAP1,
hnRNPM4, Hsp70 and Hsp60, and α-tubulin (Fig. 5A).

To verifymass spectral identifications, the SDS gel was probedwith
the antibodies against the identified trans-acting factors (Fig. 5A,
Western panel). We carried out RIPA experiments to verify, in vivo, the
existence of a specific interaction between mt-rpS12 mRNA and the
identified proteins.We immunoprecipitated TRAP1, hnRNPM4, Hsp70,
Table 2
Oligonucleotides sequences

5′-Primer (5′–3′) 3′-Primer (3′–5′)

β-actin ggcaccaccttctaca caggaggacaatgat
cy-rpL4 atacgccatctgttctgc tgtttggcttgtagtgc
mt-rpS12 3′UTR ctcagaagaagtgacggt cacagaagaagtgacggctg
mt-rpS2 gcaggacgcttggaagcg gagagcctcaacctgctg
mt-rpL3 taacatctttggaggtggcaga actgttccacaaccactatttc
mt-rpL13 tcctgctagtagaggaat tagccgataatcttcagg
GFP taccggtcgccaccatgg cttgtacagctcgtccat
COX II ttattcctagaaccaggc ggctctagagggggtaga
TOM20 tggacagccacagcagttac cccagagctgctcaactacc
GFP/mt-rpS12Δ1 catcagaagaagtgacggctg tagtggtcctgatggaa
GFP/mt-rpS12Δ2 ttaagccataggagtcctg acatcacaagcgccaggg
GFP/mt-rpS12Δ3 catcagaagaagtgacggctg ggcgcaaaggccagcatc
GFP/mt-rpS12Δ4 tctagaggcagccactcatg tagtggtcctgatggaa
Hsp60, α-tubulin, or SH-PTP1 from HeLa cell extract (Fig. 5B) and
looked for the mt-rpS12 mRNA in the RNA–protein immunoprecipi-
tate complexes using RT-PCR (Fig. 5C) and specific oligonucleotides
against the 3′-UTR region (Table 2). Amplification of the signal
corresponding to this mRNA in the samples indicated that mt-rpS12
mRNA is able to bind TRAP1, hnRNPM4, HSP70, HSP60, and α-tubulin
in vivo and that these interactions are mediated by the 3′-UTR region.
Moreover, the absence of signal in the immunoprecipitate with anti-
SH-PTP1, a control antibody, confirmed the validity of this assay
(Fig. 5C). These data are consistent with a model in which mt-rpS12
mRNA is transported on microtubules to reach the mitochondrion.
However, although the binding appears specific, a detailed analysis of
the binding site is required to establish whether there is a direct
interaction between the mt-rpS12 mRNA and the identified putative
protein partner or whether one ormore adapter proteins contribute to
the binding.

4. Discussion

The regulation of eukaryotic gene expression is a complex process
that occurs at different levels, from pre-mRNA transcription and
processing in the nucleus, export from the nucleus to a subcellular
localization, mRNA translation and decay. At post-transcriptional
level, a central role is increasingly attributed to mRNA localization
since it enables local synthesis of proteins at a subcellular region close



Fig. 4. Targeting domains within the mt-rpS12 3′-UTR. (A) Schematic representation of gene constructs producing deletion mutants of themt-rpS12 3′-UTR. The coding region of GFP
was linked to the entiremt-rpS12 3′-UTR or to its deletionmutant DNA. Relevant nucleotide positions are shown. (B) Left panel, example of Vistra Green-stained agarose gels of semi-
quantitative RT-PCR of the deletion mutants obtained from cytosol (Cy) andmitochondrial (Mt) fractions. Right panel, mRNA levels were quantified with the PhosphorImager STORM
840 system (Amersham). (C) Cross-contamination of the fractions was checked by revealing the cytosolic rpL4 as an example of cytosolic protein, mitochondrial-encoded COXII and
endogenous mt-rpS12 mRNAs as mitochondrial markers. The TOM20 transcript is distributed similarly in the fractions. The results shown represent the mean±s.d. of a minimum of
three independent transfection experiments.
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to or at the functional site of the protein. mRNA localization is a
multistep process that needs distinct transport and anchoring
components. Based on the data available, the first step occurs in the
nucleus where specific trans-acting factors recognize localization
elements of a transcript and give rise to ribonucleoprotein (RNP)
particles. These RNP particles are storage complexes that contain
multiple mRNA molecules under translational arrest and components
of the translational machinery [23]. After export to the cytoplasm, the
complexes undergo a highly dynamic maturation process during
which some proteins shuttle back to the nucleus, whereas others stay
associated with the mRNA. Then, in several cell types, most mature
RNP particles are translocated along cytoskeleton filaments via
interactions of cis-acting elements and motor proteins and/or
accessory trans-acting factors. Finally, the RNP particles are released
from the motor protein and the transcript is anchored to the
functional site of the protein, or in its proximity, in the cytoplasm
where it can be actively translated [24]. In eukaryotic cells, micro-
tubules are cytoskeleton components that play a crucial role in events
such as cell motility and division, organelle transport and cell
morphology and organization. The transport of mRNAs along micro-
tubules has been described in such systems as Drosophila oocytes,
yeast, neurons and fibroblasts [25–27]. Recent data indicate that
mRNA distribution occurs in a microtubule-dependent manner also in
cardiocytes [28].

The microtubule network serves as a directional track to guide
mitochondria to discrete areas of the cell in response to a specific cell



Fig. 5. The mt-rpS12 3′-UTR interacts in vitro and in vivo with TRAP1 (band 1), hnRNPM4 (band 2), Hsp70 (band 3), Hsp60 (band 4) and α-tubulin (band 5). (A, panel on the left)
Coomassie Blue staining of RNA pull-down assay using adipic acid dehydrazide agarose beads coated with mt-rpS12 3′-UTR after incubation with HeLa protein extract (7 mg). (A,
panel on the right) The nature of the bands, predicted bymass spectrometry, was confirmed by western blotting of the same RNA pull-down experiment by using specific antibodies.
The mobility of protein size markers is shown (M). (B) Western blotting of anti-TRAP1, anti-hnRNPM4, anti HSP70, anti-HSP60, anti-α-tubulin or anti-SH-PTP1 immunoprecipitate
from HeLa cells. The control of nonspecific binding was performed with immunoprecipitation reaction using normal IgG. (C) RT-PCR of total RNA extracted from the indicated
immunoprecipitate using primers against mt-rpS12 3′-UTR (Table 2). Note the absence of signal in RNA–SH-PTP1 immunoprecipitate complex.
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request. Microtubule remodeling affects mitochondrial distribution
patterns and energy production in the cell. Most nuclear mRNAs that
code for mitochondrial proteins seem to be translated on polysomes
that are associated with the mitochondrial outer membrane. Studies
in yeast showed that N100 nucleus-encoded transcripts of mitochon-
drial proteins are associated to polysomes on the mitochondrion
surface [16]. Since we previously found that mRNAs encoding
mitochondrial r-proteins localize to the proximity of mitochondria
and that the cytoskeleton is involved in the perinuclear localization of
the mRNA of cytosolic r-proteins [17], we asked whether the
cytoskeleton could be involved in the transport of nucleus-encoded
transcripts whose proteins are necessary for mitochondria activity.
Our data demonstrate that, in HeLa cells, mRNAs for mitochondrial
rpS2, rpS12, rpL3 and rpL13 are asymmetrically distributed (Fig. 1A),
and 70% of each of these transcripts is associated with the Ck fraction
(Fig. 1B). Next, we investigated whether a specific class of cytoskeleton
elements was responsible for the long-range transport of transcripts,
and a different class of cytoskeleton elementswas responsible for local
delivery of mt-rp-mRNAs; or, since mitochondria seem to use both
microtubules and actin to travel within the cell [29], whether actin
and the microtubule cytoskeleton interact to localize mitochondrial
rp-mRNAs. We found that pharmacological disruption of the micro-
tubule network substantially altered the distribution of these
transcripts. In fact, after microtubule disruption, all tested mRNAs
were redistributed from the Ck to the S fraction (Fig. 2A, B). The
selective depolymerization of actin did not affect mitochondrial rp-
mRNA localization. These results indicate that the two subclasses of
ribosomal proteins mRNAs, cytosolic rp-mRNAs [17] and mitochon-
drial rp-mRNAs, use a common railway, the cytoskeleton, but two
different tracks, namely, actin microfilaments to reach the perinuclear
region, and the microtubule network to localize near the mitochon-
drion. Moreover, the shift of signal from theMt to the Cy fraction upon
nocodazole treatment indicates that microtubules are involved not
only in the transport step but also in the anchoring of the
mitochondrial r-protein mRNAs to the mitochondrion surface
(Fig. 3A, B).

The cis-acting signal responsible for mitochondrial rp-mRNA
localization lies in the 3′-UTR region [17], which is the case of most
localized mRNAs identified so far. One or more restricted segments of
the 3′-UTR are required for localization, not the entire region [9]. The
results of selective disruption of microtubules indicate that the
mt-rpS12 3′-UTR can mediate the association of the reporter GFP
mRNA to the cytoskeleton (Fig. 3A), and, furthermore, that the same
region is responsible for the interaction between the chimeric
transcript and themicrotubules in the proximity of themitochondrion
(Fig. 3B). These findings suggest that microtubules play also an
anchoring role. A specific population of microtubules surrounding the
mitochondrion might be responsible for maintaining the specific
localization of mitochondrial rp-mRNAs in the proximity of the
organelle. In fact, different populations of microtubules, in Drosophila
and in thewasp Nasonia, are responsible for the localization of specific
mRNAs to different oocyte regions [30,31].

Analysis of deletion mutants produced to dissect the 3′-UTR in the
reporter GFP/mt-rpS12 DNA (Fig. 4) showed that deletion of nucleo-
tides 756–910 (GFP/mt-rpS12Δ2) resulted in a complete loss of the
mRNA distribution pattern and the chimeric transcript accumulated in
the Cy fraction, whereas deletion of the remaining 3′-UTR portion of
GFP/mt-rpS12 mRNA did not affect its subcellular distribution
(GFP/mt-rpS12Δ1 in Fig. 4). A more detailed analysis of the 154
nucleotides spanning a region potentially containing localization
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signals revealed that the removal of either the sequence containing
nucleotides 756–850 (GFP/mt-rpS12Δ3) or the sequence containing
nucleotides 851–910 (GFP/mt-rpS12Δ4) did not cause loss of localiza-
tion (Fig. 4). Thus, eachmutant contained the information sufficient to
target the GFP transcript to the organelle and the efficiency appeared
only slightly lower than the efficiency of the whole region.

Since these regions do not contain any conserved sequences, our
data are consistent with the hypothesis that the secondary structure
may be relevant for the generation of a localization signal. A stem-
and-loop structure in the 3′-UTR of ATP2 mRNA has been shown to be
responsible for its localization in the vicinity of mitochondria [15].
Recent in-silico studies have predicted a structure that is common to
most transcripts that have a high mitochondrial localization ratio
(MLR) in yeast. This predicted consensus structure is short, has a high
MLR and a high AU content, which is typical for untranslated regions
of mRNA [32]. Furthermore, a 10 nt (CYTGTAAATA) sequence located
in the 3′-UTR of 256 nuclear genes, whose products are targeted to
mitochondria, has been shown to interact with the RNA-binding
protein Puf3p, which is involved in the localization of the cognate
mRNAs [33]. This sequence is not present in the mt-rpS12 3′-UTR.

The localization message in the 3′-UTR region of an mRNA is
deciphered by specific RNA-binding proteins that associate with and/
or are released from the transcript in a very dynamic manner during
each step of the localization process, from the site of transcription in
the nucleus to its final destination in the cytoplasm. A central issue in
RNA localization is to identify the proteins involved in the process. We
have isolated five proteins by an in vitro RNA affinity-based method in
which mt-rpS12 3′-UTR was used as bait. Bound proteins were
identified by mass spectrometry as human TRAP1, hnRNP M4, Hsp70,
Hsp60 and α-tubulin. The specific interaction of these proteins with
mt-rpS12 mRNA was confirmed in vivo by using RIPA experiments
(see Fig. 5).

Mitochondria contain several chaperones that play an important
role in mitochondrion function, namely, chaperones Hsp10, Hsp60, a
form of Hsp70 (mitochondrial Hsp70/Ssq1), chaperones of the Clp/
Hsp100 family [34], and TRAP1, also known as Hsp75 [35]. Hsp10,
Hsp60 and Hsp100 function as general chaperones for protein folding
[36], and Hsp70 plays an important role in protein import [37]. TRAP1
is a poorly characterized mitochondrial protein that shows strong
sequence homology to the Hsp90 family. Despite the essential
function in facilitating protein folding and import, knowledge about
mitochondrial molecular chaperones is limited. There is evidence that
these proteins can regulate a number of cellular processes, including
cell survival and apoptosis [38,39]. TRAP1 has recently been
implicated in protecting mitochondria against damage caused by
reactive oxygen species [40,41]. PINK1, a protein kinase seems to
phosphorylate TRAP1 to protect cells against apoptosis and promote
cell survival [42]. Our study reveals a new function for Hsp70, Hsp60
and TRAP1. Indeed, their interaction with mt-rpS12 mRNA suggests
that they are involved inmRNA localization. Data fromD. melanogaster
embryos showing that the molecular chaperone Hsp90 is required for
mRNA localization support this hypothesis. It has been demonstrated
that Hsp90 functions as a factor in trans in the correct spatial position
of nanos and pgc mRNAs [43]. However, the mechanism by which the
molecular chaperones act in this context remains to be elucidated.

HnRNP M4 belongs to the hnRNPM protein family. It appears as a
cluster of four proteins (M1–M4) by two-dimensional electrophoresis
and seems to play an important role in transcript-specific packaging,
alternative splicing of pre-mRNAs and heat shock response [44,45].
Some shuttling hnRNPs are implicated in the localization of specific
mRNAs in the cytoplasm. A case in point is hnRNPA2 that binds to
the localization element in the 3′-UTR of MBP mRNA thereby
determining its correct subcellular distribution [46]. These
findings suggest that hnRNPM4 could play a role in the early steps
of the localization process, e.g., mRNP export from the nucleus to the
cytoplasm.
Another interesting putative trans-acting factor is α-tubulin. In
fact, a proposedmodel hypothesizes that mitochondrial rp-mRNAs are
transported along microtubules and anchored to the organelle via
microtubules network. Compelling evidence indicates that tubulin can
associate to the mitochondrial membrane and that it is associated
with VDAC, the main outer membrane component of the permeability
transition pore [47,48]. In the light of these observations, we propose
that cellular tubulin might be used for the transport of the mt-rp-
transcript from the nucleus to the vicinity of the mitochondrion,
whereas mitochondrial tubulin might be used for anchoring by
providing a solid structure with which to bring the mRNA in contact
with regulatory factors as TRAP1.

Further studies are required to investigate the relevance of the
secondary structure of the first 154 nucleotides of 3′-UTR mt-rpS12 in
its subcellular localization; and the functional significance of the
interaction between mt-rpS12 mRNA and TRAP1, hnRNPM4, Hsp70,
Hsp60 or α-tubulin in the transport of mitochondrial rp-mRNAs from
the nucleus to their correct localization near mitochondria.
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