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mRNAs encoding mitochondrial proteins are enriched in the vicinity of mitochondria, presumably to
facilitate protein transport. A possible mechanism for enrichment may involve interaction of the translocase
of the mitochondrial outer membrane (TOM) complex with the precursor protein while it is translated, thereby
leading to association of polysomal mRNAs with mitochondria. To test this hypothesis, we isolated mitochon-
drial fractions from yeast cells lacking the major import receptor, Tom20, and compared their mRNA
repertoire to that of wild-type cells by DNA microarrays. Most mRNAs encoding mitochondrial proteins were
less associated with mitochondria, yet the extent of decrease varied among genes. Analysis of several mRNAs
revealed that optimal association of Tom20 target mRNAs requires both translating ribosomes and features
within the encoded mitochondrial targeting signal. Recently, Puf3p was implicated in the association of mRNAs
with mitochondria through interaction with untranslated regions. We therefore constructed a fom20A puf3A
double-knockout strain, which demonstrated growth defects under conditions where fully functional mitochon-
dria are required. Mislocalization effects for few tested mRNAs appeared stronger in the double knockout than
in the fom20A strain. Taken together, our data reveal a large-scale mRNA association mode that involves
interaction of Tom20p with the translated mitochondrial targeting sequence and may be assisted by Puf3p.

mRNA localization to distinct cellular compartments is im-
portant for the efficiency and specificity of the translation pro-
cess. Synthesis of proteins at their sites of action may decrease
the likelihood of ectopic protein expression and facilitate as-
sembly of large multiprotein complexes. Two general modes
for mRNA localization are known. The first, which is common
for endoplasmic reticulum (ER)-associated mRNAs, necessi-
tates translation of a short region of the protein (the signal
peptide). The signal is recognized by the signal recognition
particle as it emerges from the ribosome exit tunnel, and the
complex that includes the mRNA, ribosome, and signal recog-
nition particle is targeted to the ER (18). As an outcome of this
process, mRNAs that encode proteins destined for the ER and
the secretory pathway are associated with this compartment
(7). The second mode for mRNA localization occurs prior to
translation and in many cases prevents initiation of protein
synthesis. Sequences or structural elements of the mRNA are
bound by RNA-binding proteins, and these interact with trans-
port factors, which direct the mRNA to its destination (5, 35,
42). Genome-wide studies indicate that localization by either
mode is a broad phenomenon that encompasses many mRNAs
and various cellular destinations (6, 21, 32, 38). Interestingly,
we along with others have recently shown that noncoding re-
gions may also be involved in localization of ER-associated
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mRNAs (1, 26, 38), demonstrating that these two modes are
not mutually exclusive.

Most of the mitochondrial proteins are encoded in the nu-
cleus and need to be imported into the organelle. Various in
vitro and in vivo assays led to the widely accepted notion that
import may occur posttranslationally, i.e., after the protein is
fully synthesized in the cytosol (33). However, mounting evi-
dence also supports a cotranslational import of proteins into
the mitochondria. Specifically, polysomes were shown to be
associated with the mitochondrial surface, and these translated
a distinct set of proteins (12, 19, 20). Moreover, isolated mi-
tochondria are associated with many different mRNAs that
encode mitochondrial proteins (28, 46). Elements from both
the coding region (the mitochondrial targeting signal [MTS])
and the 3’ untranslated region (UTR) were shown to be im-
portant for targeting of some of these mRNAs (4, 29). One
model for localization suggests association of the nascent pep-
tide chain (specifically, the N-terminal MTS) with receptors on
the mitochondria, coupled to cotranslational insertion of the
protein (24). As an outcome of this cotranslational mechanism,
polysomal mRNAs become associated with the mitochondria,
analogously to what is observed in the ER. However, experi-
mental support for this hypothesis is currently lacking.

Recently, Saint-Georges et al. (41) have shown a role for
Puf3p in localization of many mRNAs to the mitochondria of
Saccharomyces cerevisiae. Puf3p is associated with the mito-
chondria outer membrane (11), and its role is mediated
through interaction with UTRs. This may suggest a translation-
independent mode of action. Intriguingly, however, most Puf3
targets appeared to be mislocalized also after treatment with
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the translation inhibitor cycloheximide (CHX), suggesting that
an active translation process is required for their asymmetric
localization (41). Moreover, a large number of mRNAs that are
not Puf3 targets appeared to be affected from treatments with the
translation inhibitors puromycin and cycloheximide (41), further
supporting the existence of an additional, translation-dependent
mode of mRNA targeting to the mitochondria.

The translocase of the mitochondrial outer membrane
(TOM complex) is a multiprotein machinery which mediates
the import of the vast majority of proteins into the mitochon-
dria (36, 39). Its core protein (Tom40) forms a B-barrel struc-
ture and serves as the main component of the import pore.
Tom?20 is a peripheral component of the TOM complex that
functions as a primary receptor for mitochondrial precursor
proteins (15). It was hypothesized that protein receptors inter-
act with the incoming polypeptide while it is translated, and
this leads to a local increase in mRNA concentration (24). An
open question is whether the TOM complex, through Tom20,
interacts with polypeptides while they are translated and
thereby leads to higher local concentrations of mRNAs near
the mitochondria. To address this issue, we analyzed the effects
of TOM?20 deletion on mRNA association with mitochondrial
fractions and the role of the MTS on mRNA localization. We
also tested the interactions between Tom20 and Puf3. We
found that Tom20 is involved in mitochondrial association of
many mRNAs by a process that requires the MTS. Tom20
deletion affects the localization of Puf3p, and a strain with
deletions of both Tom20 and Puf3 exhibits a growth defect
under conditions that require mitochondrial optimal function.

MATERIALS AND METHODS

Yeast growth. For mitochondrial fractionation cells were grown in YP-galac-
tose medium (1% yeast extract, 1% peptone, and 2% galactose) at 30°C. Cells
carrying expression plasmids were grown in a defined medium (0.17% yeast
nitrogen base and 0.5% ammonium sulfate) with the necessary amino acids and
a carbon source (2% galactose unless otherwise indicated). For P-body analysis,
strains were grown to mid-log phase, and P-body assembly was induced by
washing cells in distilled water and further incubation in water for 10 min before
fixation. Cells either before or after induction were fixed with 4% formaldehyde,
washed twice with phosphate-buffered saline (PBS), and suspended with 10%
antifade solution (2% propyl-gallate, 90% glycerol, 10% PBS) in PBS.

Yeast strains and plasmids. The following strains were used in this study: yAl
(BY4741; MATa, his3A1 leu2A0 met15A0 ura3A0) (Euroscarf), yA163 (MATo
ura3 leu2 his4 lys2 tom20::LEU2) and its isogenic parental strain (yA162) (25),
yA329 (MATa ade2 arg4 leu2-3,112 trp1-289 ura3-52 puf3::PUF3-TAP-URA3)
(Euroscarf), yA330 (BY4741; puf3::kanMX4), yA332 (MATw leu2 tom20::LEU2
puf3:kanMX4) (this study), yA333 (MATa his4 leu2 wura3 tom20:LEU2
puf3::PUF3-TAP-URA3) (this study), and yA409 (BY4741; tom7::kanMX4).

The following plasmids were used in this study: pA381 (TOM20 promoter-
TOM?20 ORF-Flag tag-TOM20 3’ UTR in pRS416 vector [this study], where
ORF is open reading frame), pA429 (PUF3 promoter-PUF3 ORF-ADHI1 3’
UTR in pRS416 vector [this study]), pA520 (ADH1 promoter-Su9 MTS-GFP-
CYC 3" UTR [48], where GFP is green fluorescent protein), pA534 (same as
PAS20 except that the Su9 MTS was deleted by HindIII and Kpnl restriction,
fill-in, and ligation), pAS559 (same as pA534 but with addition of 448 bp down-
stream of the BCS1 ORF, cloned into the Xhol and Xbal sites), pA560 (same as
PAS59 except that the Su9 MTS was deleted as in pA534), and pA554 (pDHH1-
GFP [47]). pA552 (Dcp2-RFP [44], where RFP is red fluorescent protein) Con-
structs were created using a PCR amplification reaction and specific primers,
with either genomic DNA or other plasmids as a template. PCR products were
first cloned into pGEM-T easy vector (Promega) and then cut with the appro-
priate restriction enzymes and ligated into the multicloning site of pRS416. All
clones were verified by sequencing.

Cell fractionation and RNA extraction. Cells (100 ml) were grown at 30°C in
YP-galactose medium to an optical density at 600 nm of 0.8. Spheroplasts were
prepared by a 20-min incubation with zymolyase 20T (6 mg per gram of dry cells;
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ICN Pharmaceuticals) in sorbitol buffer (1.2 M sorbitol and 20 mM KPO,, pH
7.4). Cells were then recovered for 2 h in galactose medium supplemented with
1 M sorbitol. Cycloheximide was added to the medium (100 pg/ml), and cells
were harvested immediately into 4 ml of mannitol buffer (0.6 M mannitol, 30 mM
Tris-HCI, pH 7.5, 100 mM KCl, 5 mM Mg acetate, 0.5 mM phenylmethylsulfonyl
fluoride, 1 mg/ml heparin and 100 pg/ml CHX) and homogenized with 15 strokes
in a Dounce homogenizer. The lysate was cleared from cell debris and nuclei by
centrifugation (1,300 X g for 6 min at 4°C), and the supernatant was centrifuged
again (10,000 X g for 10 min at 4°C). The resulting supernatant was designated
the cytosolic fraction, whereas the pellet was washed with mannitol buffer and
resuspended in 1 ml of mannitol buffer to form the mitochondrial fraction.
Puromycin treatment was imposed by the addition of puromycin (final concen-
tration, 0.1 mg/ml) for 30 min to the spheroplast recovery medium. For RNA
extraction each fraction was mixed with an equal volume of 8 M guanidinium
HCI and two volumes of ethanol. Samples were spun down, resuspended in
water, and precipitated again with ethanol and sodium acetate. Half of the pellet
was removed for Northern analysis (31).

Western blot analysis. Proteins were precipitated by addition of trichloroacetic
acid (15% final concentration), followed by incubation at 4°C for 1 h and
centrifugation for 20 min at 13,000 X g. Precipitates were dissolved in Laemmli
buffer and resolved by sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis. Proteins were blotted onto a nitrocellulose membrane and stained with 0.2%
Ponceau S to evaluate protein loading in each lane. The following antibodies
were used: anti-Tom20 (dilution, 1:10,000), anti-Acol (1:10,000), anti-Bip1 (1:
10,000), anti-Sec61 (1:500; a gift from R. P. Jensen), anti-Gasl (1:6,000; a gift
from L. Popolo), anti-GFP (1:5,000; ENCO MO048-3), horseradish peroxidase-
conjugated anti-Hxk1 (1:50,000; Acris R1093HRP), anti-nuclear pore complex
proteins (1:5,000; Covance A488-120L), and anti-TAP (1:1,500; Sigma P1291).
Enhanced chemiluminescent reactions were performed with an EZ-ECL kit
(Biological Industries) according to the manufacturer’s instructions.

Microarray procedures. RNA samples (half of the amounts resulting from the
cell fractionation) were purified as previously described (30). Amino-allyl cDNA
synthesis was performed by standard procedures utilizing Improm IT Reverse
Transcriptase (Promega) in the presence of 2 mM amino-allyl dUTP and
oligo(dT) primer, followed by fluorescent dye (Amersham) coupling to the ami-
no-allyl group (30). In two experimental repeats, the two fractions were labeled
with the same fluorescent dye and hybridized separately, each with a green-
labeled unrelated reference RNA (type II experiment). In a third repeat the
fractions were labeled with different dyes and hybridized to the same DNA
microarray (type I experiment). DNA microarrays included either the entire
coding region which was PCR amplified by specific primers (experiments 1 and
2) or 70-mer oligonucleotides (Operon AROS for yeast) (experiment 3). DNAs
were spotted on glass slides and hybridized as described above.

Data analysis. The DNA microarrays were scanned with a GenePix 4000B
apparatus (Molecular Devices) at two wavelengths to detect emissions from both
Cy5 and Cy3. The images were acquired with GenePix Pro, version 5.1, software
and analyzed with Acuity, version 4.0, software (Molecular Devices). To minimize
artifacts that can arise from low expression values, genes were filtered out if less than
80% of their Cy3 or Cy5 raw intensity values exceeded 2 standard deviations above
background levels. Genes with inconsistent Cy5/Cy3 raw intensity ratios (regression
R? of <0.6) or gene features that were smaller than 55 wm were also removed. The
microarray data were normalized using Bacillus subtilis RNA spike-in mix derived
from lys (ATCC 87482), np (ATCC 87485), dap (ATCC 87486), thr (ATCC 87484),
and phe (ATCC 87483) clones. The spike-in mix (80 pg/ul fys, 160 pg/ul trp, 200 pg/pl
dap, 240 pg/pl thr, and 320 pg/pl phe) was added in equal amounts (40 pl) to either
cytosolic or mitochondrial fractions immediately after RNA extraction and to the
reference RNA samples (5 pl). About 20 spots per spike were spotted across the
complete grid of the microarray in a spatially even manner. Changes in unfraction-
ated (total) mRNA abundances were normalized to the median of the signal inten-
sity ratios of all data points in the microarray.

RESULTS

Mislocalized mRNAs in a TOM20 deletion strain. Recent
studies revealed that many mRNAs that encode mitochondrial
proteins are associated with mitochondria (10, 28). An attrac-
tive working model for this association suggests that mRNAs
are anchored to the mitochondria through their translated
peptide in a manner that is analogous to cotranslational asso-
ciation of polysomes with the ER (24). The TOM complex, as
the major protein translocase in the outer mitochondria mem-
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FIG. 1. Analysis of mitochondrial and cytosolic fractions. Yeast
cells were treated with zymolase and lysed with a Dounce homoge-
nizer. Cellular compartments were fractionated to crude mitochon-
drial (Mit) or cytosolic (Cyt) fractions by sequential centrifugation.
(A) RNA from the cytosolic or mitochondrial fractions was subjected
to Northern analyses with probes recognizing mitochondrially encoded
RNAs (15S rRNA and COB) or nuclear-encoded mRNAs (SEC61 and
SHM?2). The Total lane includes RNA that was collected before frac-
tionation, and a one-third equivalent of the fractionated RNA was
loaded. The signal in the Total lane was therefore usually one-third of
the sum of mitochondrial and cytosolic signals. (B) Subcellular frac-
tions of wild-type (WT) and tom20A cells were analyzed by Western
blotting. Antibodies recognizing markers for the mitochondria (Acol
and Tom20), nuclear-membrane (Npc), cytosol (Hxkl), ER (Sec61
and Bip1), and plasma membrane (Gas1) were used. Equal amounts of
unfractionated protein sample (Total) were included as controls to
demonstrate that there are no significant losses during fractionation.
Note that the two bands that appear in the cytosolic fraction of
Tom20p are nonspecific signals because they appear also in the
tom20A strain upon longer exposure (not shown).

brane, is likely to be involved in such cotranslational targeting
of mRNAs to the organelle. To test this possibility, we ana-
lyzed the effects on mRNA localization to the mitochondria
following deletion of TOM?20, which is a central protein recep-
tor in the TOM complex.

A tom20A strain and its parental strain (25) were grown to
mid-log phase, cell walls were lysed with zymolase, and sphero-
plasts were recovered in high-osmolarity medium. Sphero-
plasts were then lysed in a buffer that lacks detergent, and cell
debris or nuclei were removed by centrifugation. The mito-
chondria fraction was separated from the cytosol by differential
centrifugation at 10,000 X g, and RNA or proteins were ex-
tracted from each fraction. Northern analyses were performed
for several marker RNAs (Fig. 1A). A one-third equivalent of
unfractionated RNA (Total) was also analyzed by Northern
blotting, and for every gene the sum of signals in the mito-
chondrial and cytosolic fractions appeared about three times
higher than that of the Total RNA. This indicates that no
significant RNA losses occurred during fractionation. Analysis
of mitochondrially encoded RNAs (15S rRNA and COB) re-
vealed the presence of minor amounts of mitochondria in the
cytosolic fraction, which appeared more significant in the more
abundant 15S rRNA. This may indicate that during prepara-
tion a small fraction of the mitochondria is lysed, and some of
its soluble content is released into the cytosolic fraction. Mi-
tochondrion protein markers (Acolp and Tom20p), however,
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appeared exclusively in the mitochondrial fraction (Fig. 1B)
and were absent from the cytosolic fraction. The mitochondrial
fraction appears to have low levels of mRNA encoding a sol-
uble cytosolic protein (Fig. 1A, SHM2) and of a cytosolic
protein marker like hexokinase (Fig. 1B, Hxk1p). These signals
may indicate a limited association of these markers with mito-
chondria. Minor amounts of Hxk1 were indeed reported to be
functionally associated with mitochondria (2). Alternatively,
the signals may suggest the sedimentation of nonmitochondrial
compartments in the mitochondrial fraction. We reason that
further purification steps are unwanted herein as they strip the
mitochondria from important complexes that are associated
with them (e.g., polyribosomes) and therefore may limit con-
clusions regarding the in vivo roles of Tom20. Importantly, the
markers’ levels appeared to be the same in the wild-type and
tom20A strains (Fig. 1B; see also Fig. 2A and B and 5; also data
not shown). This suggests that similar levels of nonmitochon-
drial elements are present in the mitochondrial fraction of
both strains. Thus, it is conceivable that effects that will be
observed in the tom20A cells are due to the deletion itself and
not the extraction procedure.

Mitochondria were shown to be extensively associated with
the ER, in part in order to facilitate transport of lipids and
Ca?" between these organelles (reviewed by references 14 and
37). Indeed, our mitochondrial preparations contain ER mark-
ers (Sec61 mRNA and protein and Bipl protein) (Fig. 1).
These markers appear at similar levels in the mitochondrial
fraction from the parental and tom20A strain (Fig. 1B), sug-
gesting that TOM20 deletion has no impact on localization to
the ER. Consistent with that, the association of mRNAs en-
coding ER proteins with this fraction was not affected in the
deletion strain (Fig. 2).

RNA from either the mitochondrial or cytosolic fractions
was isolated, fluorescently labeled, and hybridized to DNA
microarrays that contain probes for all known and predicted
OREFs in the genome of S. cerevisiae. The entire experimental
scheme, from cell growth to DNA microarray analysis, was
repeated three times, and the results appear in Table S1 in the
supplemental material (data from the third repeat is shown in
Fig. 2A). A lack of signal in one fraction (mitochondrial or
cytosolic) may represent exclusive localization in the other
fraction, and indeed we found that the group of genes that
were absent from the cytosolic fraction was enriched in genes
encoding mitochondrial proteins. Yet, it is also possible that a
lack of signal in a fraction is due to technical problems. Be-
cause we could not distinguish between these two possibilities,
we excluded such cases from the analysis and restricted the
analysis to those genes that passed the quality filtration criteria
in both fractions. More than 1,000 genes passed the quality
selection criteria in both fractions (mitochondria and cytosol)
of both the wild type and the deletion strain in each repeat
(1,025, 1,139, and 1,437 genes in repeats 1, 2, and 3, respec-
tively). For the wild-type strain, the 10% of mRNAs with the
highest mitochondria-to-cytosol signal (M/C) in experimental
repeat 3 many mRNAs that encode mitochondrial proteins (P
value of <107'°). We also found a high correlation between
the M/C values in our experiments with values from the pre-
vious analysis of ribosomal association (46) (Spearman corre-
lation, 0.62 = 0.1) although the exact value per each mRNA
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FIG. 2. TOM20 deletion specifically affects mitochondrial association of hundreds of mRNAs. (A) Scatter plot where each spot indicates the
relative amount of each mRNA in the mitochondrial fraction in the parental strain (wild type [WT]) and the tom20A cells. The solid line indicates
the best-fit linear trend line, and the two dashed lines represent 2 SDs above and below the trend line. Red spots indicate genes that are designated
mitochondrial in the SGD, and blue spots represent all other genes. (B) Northern analyses of the change in distribution of the indicated mRNAs
in the wild-type and tom20A cells. Bars represent the ratio of the M/C signal in the WT and tom20A cells. (C) Comparison of the change in
mitochondrial association obtained by the microarray analysis and the Northern analysis. (D) Northern analyses of the distribution of the indicated
mRNAs in the wild-type and tom7A cells. Lanes are as described in the legend to Fig. 1A.

may differ because of the different experimental and analysis
methods.

Comparison of the M/C values of the wild type to those of
the fom20A strain revealed an overall positive correlation (Fig.
2A), indicating that most mRNAs did not change their relative
mitochondrial enrichment. The majority of the mRNAs that
fell within *= 1 standard deviations (SD) of the trend line
encoded ER, nuclear, or cytosolic proteins (P value of <1073;
based on Gene Ontology [GO] database analysis), consistent
with the notion that deletion of TOM20 does not have a global
effect on mRNA association with these compartments. On the
other hand, the group of mRNAs with decreased mitochon-
drial association in tom20A cells (i.e., deviating by >1 SD from
the trend line) was highly enriched in mRNAs encoding mito-
chondrial proteins (P value of <1077 in all three experimental
repeats) (see Table S1 in the supplemental material). Northern
analysis was performed for several mRNAs in order to verify
the microarray data by an alternative method (Fig. 2B).
mRNA encoding the mitochondrial proteins Acol, Ccpl,
Mrpl9, Mrpl35, and Idpl had reduced association with mito-
chondria in the fom20 mutant. This was not the case for
mRNAs encoding nonmitochondrial proteins like Hsp82 and

Gspl. For all tested mRNAs, there is good agreement between
the two methods regarding changes in the M/C values (Fig.
2C). We performed a genome-wide analysis for changes in
steady-state, unfractionated mRNA levels in two of the exper-
imental repeats (see Table S1 in the supplemental material).
Comparison of changes in steady-state levels to changes in the
M/C value revealed low, if any, correlation between them
(Pearson values of 0.2 and 0.01 in experiments 1 and 3, respec-
tively). This excludes the possibility that the changes in M/C
are an outcome of an indirect effect on transcript levels.

To investigate whether any mutation in the TOM complex
would lead to alteration in mRNA association, we analyzed
mRNA distribution in cells lacking the small structural subunit
Tom?7 (24). Tom7p is not involved in recognition of precursor
proteins with presequence and was shown to have an import
role only after the preprotein interacts with one of the recep-
tors in the TOM complex (e.g., Tom20 or Tom70) (17). None
of the tested mRNAs appeared to be affected by Tom7 dele-
tion (Fig. 2D), indicating that not all TOM complex subunits
mediate mitochondrial association. The TOM receptors are
probably the primary mediators of association, presumably
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TABLE 1. Comparison between affected and nonaffected
mitochondrial mRNAs

Avg value?
Feature®
Decrease No effect
mRNA abundance (mol/cell) 1.6 = 0.2 20+04
OREF length (nt) 1419 = 140 1268 = 254
MTS features®
Hox 44 +0.17 4502
wH3 7.6 = 0.15 6.9 =03
Positive amino acids (no.) 6.9 £ 0.65 42 %07
Net charge of the protein” 6323 3.1=x28
Proteins with predicted cleavable MTS 593+11.2 363*x73
(% of group)?
Genes of prokaryotic origin 86 = 4.0 71% *+ 5.6
(% of group)®
Puf3 targets
mRNAs with Puf3 binding site 40.5 £ 6.7 35+79
(% of group)
mRNAs bound by Puf3 283 +13 17.3 = 8.7
(% of group)
Decreased association in puf3A cells 28.6 = 8.7 20.8 = 8.6
(% of group)®
mRNAs affected by puromycin 727+ 144  495=*13

(% of group)®

“ Values for each feature per experiment were averaged. Presented is the
average of the three values = SEM. Feature analysis was performed only for
those genes that encode mitochondrial proteins (as listed in the SGD).

> “Decrease” indicates mRNAs that decreased by more than 1 SD from the
trend line. “No effect” indicates genes that were within =1 SD from the trend
line. For the complete list of genes in each group see Table S2 in the supple-
mental material.

¢ Physical features of the encoded N terminal sequence were taken from
reference 8. H,,,,, maximal hydrophobicity of the hydrophobic face of the helical
structure; pHS3, hydrophobic moment of the N-terminal sequence. Positive
amino acids (K or R) were counted in the N terminus until the first negative
amino acid or within the first 50 amino acids.

@ Cleavable MTS analysis was performed with the TargetP program (9, 34).

¢ Assignment of prokaryotic origin was done according to data from refer-
ence 46.

/Data were taken from reference 13.

& Genes were considered as having decreased association if their mitochondrial
localization rate decreased by >8% according to reference 41.

" Sum of the charges along the protein (8).

with distinct targets to each; future genome-wide analyses may
support this hypothesis.

The protein products from about 1,000 genes are designated
as mitochondrial (GO term, mitochondrion) in the S. cerevisiae
Genome Database (SGD). Of these, 155, 180, and 370 genes
passed the quality selection criteria in each of the three exper-
imental repeats (see Table S1 in the supplemental material). In
each repeat, most of these genes (>80%) appeared to have
lower association with mitochondria in the tom20A cells.
Among them, about one-third showed a decrease larger than 1
SD from the general trend line of all genes (for a list of these
genes, see Table S1 in the supplemental material). Thus,
Tom?20 is involved in mitochondrial association of most mito-
chondrial mRNAs. Yet the extent of decrease in tom20A (i.e.,
the dependence on Tom20 for mitochondrial association) var-
ies between mRNAs. We aimed to find common properties in
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those mitochondrial mRNAs whose association with mito-
chondria was affected by the loss of Tom20. GO term analysis
did not reveal enrichment in any function or process category
that was specific to the group of affected genes. Comparison of
chemical properties (8) between the mitochondrial mRNAs
that were affected by TOM20 deletion and those that were not
revealed a difference in the number of positive amino acids in
the N terminus and the hydrophobic moment (wH) (Table 1).
Moreover, on average, the mRNAs that are affected by dele-
tion of Tom20 have a slightly higher hydrophobic moment
(Table 1). However, we did not find a simple correlation be-
tween the extent of change in association and the number of
positive charges in the MTS (Pearson correlation, —0.01 to
0.01). This indicates that multiple factors are involved in the
Tom?20-dependent association.

mRNA association with mitochondria requires translating
ribosomes. The experiments described above were performed
in the presence of CHX, a drug that is known to inhibit ribo-
somal translocation yet maintains ribosomes on the mRNA. To
pinpoint the involvement of ribosomes in the mitochondrial
association, mitochondrial extracts from the wild-type strain
were prepared either in the presence or absence of CHX.
Samples were then fractionated, and RNAs were analyzed by
Northern blotting together with a sample of unfractionated
RNA (Fig. 3). Absence of CHX led to a significant reduction
in the mitochondrial association of ACO1, SHM1, and FUM1,
mRNAs that are affected by Tom20 deletion (Fig. 3 and data
not shown). No change in association was observed for
TOM?70, an mRNA that was not affected by Tom20 deletion

ACO! __TOMT0__
Total Cyt Mit Total Cyt Mit
— |- L ==

-V e

CHX | qa ¢ D

Puromycin

EDTA |

[ Puromycin
CIEDTA

ACOl1

SHM1 TOM70  COB

FIG. 3. Association of Tom20 target mRNAs is translation depen-
dent. Cells were grown in a medium containing galactose and sub-
jected to fractionation in the absence or presence of polyribosome
stabilizer (CHX) or destabilizers (puromycin) or with a divalent ion
chelator (EDTA). RNA samples were subjected to Northern analysis
using probes that recognize Tom2(0 target mRNAs (ACO1 and
SHM1), non-Tom20 targets (TOM70), and mitochondrially tran-
scribed mRNA (COB). Lane loading is as described in the legend of
Fig. 1. Northern blots for two representative mRNAs and a bar chart
of quantitation of all mRNAs are shown.
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(Fig. 2B). It should be noted that previous genome-wide study
has shown that CHX imposes differential effects on mRNA
association (41). However, this is unlikely to be the basis for
the tom20A effects that we observed in the experiment shown
in Fig. 2 because both tom20A and its parental strain were
treated with CHX.

We also tested the impact of puromycin, a drug that leads to
dissociation of active ribosomes from mRNAs. The high level
of association of TOM70 mRNA was not reduced by this
treatment, further supporting the notion that its association is
not through a translational process. These results may have a
global implication because the vast majority of genes with
decreased mitochondrial association in fom20A were shown
previously to be affected by puromycin (Table 1). A treatment
with the general chelator EDTA led to a significant decrease in
TOM70 association (as well as all other mRNAs). This indi-
cates that complexes that are critical for association necessitate
divalent ions and that the observed association of TOM70
under all other conditions can be affected. All effects appear to
be specific to nuclear-encoded mRNAs since the fractionation
of a mitochondrially encoded transcript (COB) is not changed.
Taken together, our data imply that an active translational
process is necessary for association of Tom20 target mRNAs
with mitochondria.

Role of the MTS in mRNA localization. A possible mecha-
nism for Tom20-mediated mRNA localization may involve the
translated MTS. It can be envisaged that during translation the
MTS becomes associated with an import receptor like Tom20,
and this association, in turn, captures the translating mRNA
near the mitochondria (24). To test this, the localization of a
reporter mRNA with the MTS from subunit 9 of the Neuros-
pora crassa F, ATPase fused to GFP (Su9-GFP) (48) was
determined (Fig. 4). This MTS interacts with Tom20p and is
commonly used to study protein translocation into mitochon-
dria (16, 48). In wild-type cells, about 50% of MTS-GFP
mRNAs were localized to the mitochondria (Fig. 4). The as-
sociation is due to the MTS moiety because mRNA encoding
only GFP (without Su9 MTS) appeared exclusively in the cy-
tosolic fraction. Importantly, tom20A cells had decreased levels
of MTS-GFP mRNAs in the mitochondrial fraction (Fig. 4),
thus indicating a role for Tom20 in MTS-dependent mRNA
localization. It should be noted that the deletion of Tom20 did
not lead to complete depletion of MTS-GFP mRNA from the
mitochondria. This suggests that additional protein receptors
are involved in mRNA localization and partially compensate
for the absence of Tom20p.

The 3" UTR of some mRNAs was implicated in mitochon-
drial association. We therefore tested the impact of the 3’
UTR taken from a mitochondrion-associated mRNA (BCS1)
on GFP localization. A putative Puf3 binding site within this 3’
UTR was shown previously to have a contribution to the mi-
tochondrial association of BCS1 mRNA (41). In agreement
with this, the GFP-3’ UTR reporter mRNA appeared to have
a slightly higher mitochondrial association than GFP alone in
both the wild-type and tom20A strains (Fig. 4A). Addition of
the 3" UTR to the MTS-GFP construct resulted in an even
higher contribution to the mitochondrial association. Thus, in
the context of a heterologous ORF, the BCS1 3’ UTR role in
mitochondrial association appears to be more significant when
an MTS and Tom20p are present. This is in agreement with the
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FIG. 4. mRNA association with mitochondria is MTS-dependent.
(A) Wild-type (WT) or tom20A cells were transformed with a plasmid
expressing either a GFP reporter alone (GFP) or GFP fused to the Su9
MTS (MTS-GFP), to the BCS1 3" UTR (GFP-3' UTR), or to the MTS
and the 3" UTR (MTS-GFP-3' UTR). Cells were fractionated, and
RNA samples were subjected to Northern analysis with probe recog-
nizing GFP. The bar chart presents the quantitation of the data from
the wild-type or tom20A cells. Error bars indicate the standard errors
of the means where at least three experiments were performed.
(B) Plasmids expressing either the normal ACO1 coding region (WT)
or ACO1 variants (H, J, and L) carrying point mutations in the MTS
(indicated in bold) were introduced into acolA cells. Cells were frac-
tionated, and the M/C signal ratio is shown (average of three experi-
ments). The number of positive amino acids until the first negatively
charged (at position 25) and the hydrophobic moment for this MTS are
also indicated (40).

notion that a translation process is involved in targeting Puf3
target mRNAs (41). Importantly, however, the MTS contribu-
tion is much more significant for Tom20-mediated localization
than the role of this 3" UTR.

Our genome-wide analysis suggested that features that are
related to the charge of the MTS may contribute to association
through Tom20 (Table 1). To test this experimentally, we an-
alyzed Tom20 target mRNAs (ACO1 variants) that carry re-
placements of positive amino acids in the MTS region (40)
(Fig. 4B). Plasmids expressing these transcripts were inserted
into acolA, and the mitochondrial association of each was
determined (Fig. 4B). Interestingly, the normal ACO1 mRNA
(wild-type ACO) appeared to be less associated with mito-
chondria than the endogenously expressed transcript (M/C
ratio of 1.1 for the plasmid-expressed versus 2.8 for the endog-
enous transcript) (Fig. 4B versus 2B). This may suggest that
features outside the coding region, such as the type of pro-
moter, genomic context, expression level, etc., may also be
involved in mRNA localization. Comparison of the M/C values
of ACOL1 transcripts that contain mutations within the MTS
(and are expressed from identical plasmids at the same level)
revealed that replacements of one or two positive amino acids
(Fig. 4B, mutants H and J, respectively) led to a small decrease
in the M/C ratio. Replacement of three positive amino acids
(mutant L) led to a more significant reduction. There is no
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FIG. 5. Deletion of TOM20 results in overexpression of Puf3 and its partial cytosolic location. (A) Wild-type and tom20A cells expressing
TAP-tagged Puf3p were grown in glucose-containing medium, and a fraction of these was shifted to a medium containing either galactose (for 2 h)
or ethanol (for 30 min). The level of PUF3 mRNA was determined by Northern analysis. Values were normalized to the levels of ACT1 mRNA
and are relative to the value in glucose-containing medium. (B) Wild-type and tom20A cells were grown in a medium containing galactose and
subjected to fractionation. Proteins were analyzed by Western blotting using antibodies that recognize the indicated proteins. For the analysis of
the P-body marker, cells were transformed with a plasmid expressing Dhh1-GFP and grown in the appropriate selective medium. Representative
fractionation markers (Acolp and Hxklp) are shown. (C) Wild-type and tom20A cells were transformed with a P-body marker (Dcp2-RFP) and
grown in galactose (upper panels) or glucose, washed, and incubated for 10 min in water (lower panels). Images were acquired on an Olympus
BX61TRF microscope, equipped with a DP70 digital camera under the same exposure conditions. Arrows point to P bodies. DIC, differential

interference contrast.

simple linear correlation between the number of replaced
amino acids and the extent of change, suggesting that other
features may also contribute to the association. The changes in
amino acid composition also affect other features in the MTS,
such as the hydrophobic moment (wH). Indeed, mutations
with higher impact on the hydrophobic moment led to a stron-
ger decrease in mitochondrial association (Fig. 4B). This is
consistent with the observation that Tom20 target genes have
a higher wH than genes that were not affected by Tom deletion
(Table 1). Thus, features that are related to the charge of the
MTS have important roles in mRNA association with the mi-
tochondria.

Interactions between TOM20 and PUF3. The RNA-binding
protein Puf3 was recently implicated in mRNA association
with the mitochondria. To explore the relation between
TOM?20 and PUF3, we examined the expression levels of PUF3
in a tom20A strain (Fig. 5A). To that end, we constructed a
strain that has a Tom20p deletion and expresses TAP-tagged
Puf3 protein. Northern analysis revealed that PUF3 levels are
at least three times higher in tom20A than in the wild-type

strain in all tested media (YP supplemented with glucose,
galactose, or ethanol). A similar increase occurs also at the
protein level (Fig. 5B, Total lanes; also data not shown). Frac-
tionation analysis revealed that in the TOM20 deletion strain
substantial amounts (>40%) of Puf3p appear in the cytosolic
fraction (Fig. 5B). This is in clear contrast to the wild-type
strain, in which Puf3p is exclusively associated with the mito-
chondrial fraction (Fig. 5B) (11). Thus, in the absence of
Tom?20, Puf3 is less associated with mitochondria and is ex-
pressed at elevated levels. The increase is probably in order to
maintain sufficient levels of this protein near the mitochondria.

Puf3 protein is known to be involved in mRNA degradation
and was shown recently to accumulate in specific cellular loci
(P bodies) under certain stress conditions (i.e., incubation in
water for 10 min) (22). Analysis of the sedimentation of a
P-body marker (Dhh1-GFP) revealed that it appears mostly in
the cytosolic fraction and is not affected by Tom20 deletion
(Fig. 5B). This excludes the possibility that the mitochondrial
association of Puf3 is due to cosedimentation of P bodies in
this fraction. Microscopic analysis did not reveal any accumu-
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FIG. 6. Genetic interaction between TOM20 and PUF3. (A) Strains with deletions of puf3, tom20, or both were fractionated, and the RNA
levels of a mitochondrially transcribed gene (COB) were tested and appeared to be the same in all strains. (B) Western analysis of the mitochondria
marker Acolp in the different fractions of tom20A puf3A and tom20A strains. (C) Strains with deletions of puf3, tom20, or both and their isogenic
wild types were replica plated on YP plates supplemented with glucose, galactose, or glycerol and incubated for 3 days at 30°C. (D) Rescue of the
double deletion phenotype by transformation of a plasmid expressing either Puf3 (pPUF3) or TOM20 (p7OM?20). The indicated strains were plated
in serial dilutions (10, 1072 1073, 10™%, and 107) on YP plates supplemented with glucose, galactose, or glycerol.

lation of P bodies in the tom20A strain when it is grown in
standard galactose medium (Fig. 5C, upper panels). This is not
due to a problem in the P-body assembly machinery because
after 10 min in water this strain accumulates P-bodies at levels
similar to those of the wild-type strain (Fig. 5C, lower panels).
Because there is no accumulation of P bodies in a tom20A
strain grown in standard medium, we suggest that the higher
levels of cytoplasmic Puf3p in this strain are not in order to
direct its target mRNAs to these loci. Consistent with this, we
did not observe any decrease in the polysomal association of a
Puf3 target mRNA (MRPLY) in the tom20A strain (E. Eliyahu
et al., unpublished data), a decrease that is characteristic for
mRNAs that are targeted to P bodies (3).

We also generated a tom20A puf3A double-deletion strain.
The cells of this strain appear normal in size and express COB
mRNA to the same level as the parental strains (Fig. 6A), thus
indicating that it contains mitochondrial genome (i.e., it is not
[rho°]). The import of a mitochondrial marker also appears
normal in this strain (Fig. 6B). Growth assays on various media
revealed that in a glucose-containing medium (YP-glucose),
this strain grows similarly to its parental strain. In contrast, a
severe growth defect of the double-deletion strain was ob-
served with media that necessitate higher aerobic functions
(YP-glycerol and YP-ethanol) (Fig. 6C and data not shown).
The single-deletion strains appear to grow almost normally in
these media (Fig. 6D) (13), with the exception of fom20A in

glycerol medium (Fig. 6D); this growth defect, however, ap-
peared to be temporary as longer incubation of the plates
resulted in growth similar to that of the parental strain ((25;
also data not shown). Complementation of the double-deletion
strain with a plasmid that expresses either Puf3p or Tom20p
from its endogenous promoter resulted in rescue of the growth
defect (Fig. 6D). These results reveal that both TOM20 and
PUF3 are necessary for cell viability under conditions with
higher dependence on mitochondrial functions. They coincide
with the notion that both translation-dependent mechanisms
and untranslated domains are involved in mitochondrial asso-
ciation of mRNAs.

We tested whether the double deletion affects the mitochon-
drial association of a representative group of mRNAs, two that
appeared to be highly associated with Puf3p (MRPL9 and
TIM44) and two that had low association with this protein
(ACO1 and FUM1) (13). Cells were grown for several hours
on galactose medium and treated with CHX, and Northern
analysis of mRNA association with mitochondrial and cytosolic
fractions was performed. All four mRNAs appeared less asso-
ciated with mitochondria in the double-deletion strain than in
the wild-type strains (Fig. 7). Such a reduction was not ob-
served for mRNAs encoding a cytosolic control protein
(SHM2) and for the mitochondrially encoded COB mRNA
(data not shown). The association (M/C ratio) of the mRNAs
appeared to be lower in the double-deletion strain than that



292 ELIYAHU ET AL.

w

[Jrur3’

M puf34
Mit. R EToM20"
e Ceom204

tom20A puf3A

FIG. 7. Effect of TOM20 and PUF3 deletion on mRNA distribu-
tion. Strains with deletions of puf3, tom20, or both and their isogenic
parental strains were fractionated. The distribution of the indicated
mRNAs between the mitochondrial (Mit) and cytosolic (Cyt) fractions
was determined for each of the strains by Northern blotting and quan-
tification of the corresponding bands.

observed in the fom20A strain. Yet deletion of Puf3 alone did
not lower the mitochondrial association of these mRNAs.
Thus, under these experimental conditions the impact of the
Puf3 deletion on mRNA localization becomes apparent only
upon deletion of Tom?20. This further indicates that Puf3 is
involved in the Tom20-dependent localization mechanism. Its
role may not necessarily be imposed by direct interaction with
the 3" UTR because a decrease in association occurred also for
mRNAs that are not associated with it (ACO1 and FUM1).

DISCUSSION

Mitochondrial association of mRNAs through Tom20. In
our genome-wide analysis of mRNAs, we observed that many
mRNAs that are normally associated with mitochondria were
dissociated from the organelle in a fom20A strain. This finding
reveals a role for Tom20 in mRNA localization to the vicinity
of mitochondria. In addition, the presence of the MTS and,
specifically, positively charged amino acids within it, appears to
be important for such localization. Based on these observa-
tions, we propose a working model where the N-terminal signal
peptide emerges from the ribosome and interacts with the
TOM complex. This engagement by the translocase leads to
anchoring of the mRNA, while it is being translated, to the
mitochondria. This mechanism appears to be important for
many mRNAs that encode mitochondrial proteins. We cannot
assign a complete list of these genes due to the technical
limitation of our experimental system. Yet we note that the
majority (>80%) of mitochondrial mRNAs for which we had
reliable data appeared to have lower association in the fom20A
strain. The observation that MTS-dependent localization of
GFP occurs even in the absence of Tom20p suggests that
additional protein receptors (presumably of the TOM com-
plex) are involved in mRNA association to the mitochondria.
Moreover, our data do not exclude the possibility that other
translated features in addition to the MTS are involved in
mitochondrial association of mRNAs. One such feature might
be the rate of protein synthesis; proteins which are synthesized
at a relatively slow rate can better interact with the TOM
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complex and therefore display a higher dependence on its
receptors.

What is the physiological significance of mRNA association
with the mitochondria? It is well established that some mito-
chondrial proteins can be transported posttranslationally into
the mitochondria. Thus, under standard experimental proce-
dures, and by common analysis tools, cytosolic localization of
mRNA does not necessarily imply mislocalization of the pro-
tein. This is also established for mRNA targeting to the bud,
where in various deletion strains mRNAs appeared mislocal-
ized to the mother cell, yet the encoded proteins were properly
localized (43). Herein, we observed that Acolp is localized to
the mitochondria in tom20A cells even though its mRNA is
mainly cytosolic (Fig. 1). Therefore, mRNA localization might
become important under conditions which require high effi-
ciency of mRNA translation, for example, under limiting
growth conditions. This was observed for the ER, which was
shown to be a privileged site for translation under conditions
that inhibit global cellular translation upon coxsackie B virus
infection (23). Alternatively, since all mitochondria proteins
need to be inserted in an unfolded state, cotranslational inser-
tion minimizes the chances of premature folding or the neces-
sity of specific chaperones. This process might be especially
relevant for proteins (like Fuml, Sod2, and Aky2) where a
premature cytosolic folding may alter their subcellular distri-
butions (27, 45, 49). Identifying the contribution of mRNA
localization to protein import will probably necessitate exper-
imental tools with high temporal and spatial resolution.

Interaction between TOM20 and PUF3. Puf3p was impli-
cated in the mitochondrial localization of about 150 to 200
mRNAs by a mechanism that is mediated through elements in
the 3" UTR (41). Comparison of the mRNAs that were af-
fected in tom20A to those affected in puf3A cells revealed a
rather partial overlap (Table 1). In addition, about half of the
mRNAs affected by TOM20 deletion do not have a predicted
Puf3 binding site and are not associated with it (as revealed by
pull-down assay) (13). This suggests that at least two alterna-
tive mechanisms of mRNA targeting to the mitochondria exist:
one that is mediated by Tom20 and involves cotranslational
targeting and a one that is mediated by Puf3p and utilizes
sequence elements from the 3" UTR. The observed synthetic
lethality of TOM20 and PUF3 on a nonfermentable carbon
source suggests that both pathways are necessary for viability
when fully functional mitochondria are crucial. These two
mechanisms are unlikely to be mutually exclusive, and a func-
tional overlap of both pathways is very likely. Such cross talk is
supported by the higher expression levels of Puf3 and its cyto-
solic location in the absence of Tom20. Moreover, many
mRNAs that appeared to be mislocalized in puf3A were also
affected by CHX treatment (41).

Tom?20p and Puf3p are associated with the outer membrane
of the mitochondria and involved in mRNA localization. How-
ever, we did not detect direct interactions between them, either
by two-hybrid analysis or coimmunoprecipitation with TAP-
Puf3 (data not shown). This may indicate that the interaction
between Tom20p and Puf3p is indirect. Our current working
model is that Tom20p induces association of many mRNAs
with the mitochondria while they are being translated, and
Puf3p serves as a secondary anchor for some of these mRNAs
through interaction with their 3" UTRs.
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We conclude that yeast cells possess an mRNA mitochon-
drial association mode that involves Tom20 and the translated
MTS. The RNA binding protein Puf3 assists in the association
of some mRNAs, presumably through interaction with ele-
ments in their 3" UTRs. Both Puf3p and Tom20p are necessary
for viability under conditions that depend on optimal mito-
chondrial function. Future studies will concentrate on the cross
talk between Puf3 and Tom20 and will address the potential
involvement of additional members of the TOM complex in
mRNA localization.
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