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Mitochondria are dynamic in their size and morphology yet
must also precisely control their protein composition according
to cellular energy demand. This control is particularly compli-
cated for mitochondria, as they must coordinate gene expres-
sion from both the nuclear and mitochondrial genome. We
have found that cells are able to use this dynamic morphol-
ogy to post-transcriptionally coordinate protein expression with
the metabolic demands of the cell through enhanced mRNA lo-
calization to the mitochondria. As yeast switch to respiratory
metabolism, they increase their mitochondrial volume fraction -
that is, the ratio of mitochondrial volume to intracellular vol-
ume - which drives the localization of nuclear-encoded mito-
chondrial mRNAs to the surface of the mitochondria. Through
artificial tethering experiments, we show that this mitochon-
drial localization is sufficient to increase protein production,
whereas sequestering mRNAs away from the mitochondrial sur-
face decreases protein production, and those cells are deficient
in growth in respiratory conditions. Furthermore, we find
that this mRNA sensitivity to mitochondrial volume fraction
is driven by the speed of translation downstream of the mito-
chondrial targeting sequence (MTS), as local ribosome stalling
through a stretch of polyprolines in the nascent peptide can
drive constitutive localization of mRNAs to the mitochondria.
This points to a mechanism by which organelle volume fraction
provides feedback to regulate organelle-specific gene expression
through mRNA localization while potentially circumventing the
need to directly coordinate with the nuclear genome.
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Oxidative phosphorylation protein coding mRNAs are
known to gradually increase their protein synthesis as the
growth environment changes from vegetative growth (glu-
cose) to respiratory conditions (glycerol) (1). mRNAs for
many nuclear-encoded mitochondrial proteins are localized
and even translated on the surface of the mitochondria. We
sought to explore this mRNA localization under different
metabolic states to further understand how it is controlled as
well as its potential impact on mitochondrial protein synthe-
sis. To analyze the relationship between mitochondria and
mRNA localization in live cells, we visualized mitochondria

using the matrix marker Su9-mCherry and single molecule
mRNA by the MS2-MCP system every 3 seconds in a mi-
crofluidic device (Fig. 1A, Extended Data Fig. 1, and Meth-
ods). We first analyzed three different mRNAs. Two mR-
NAs have previously been seen to be mitochondrially local-
ized and contain an MTS: ATP3 mRNA, which encodes the
gamma subunit of ATP synthase, and TIM50, which encodes
a component of the inner membrane translocase. The third
mRNA, TOM22, encodes an outer membrane translocase that
does not contain an MTS and has previously been found to be
predominantly diffusely localized (2–4). During vegetative
growth, we observed TIM50 mRNA to be strongly associated
with the mitochondria, while TOM22 showed low association
(Fig. 1B, Extended Data Fig. 2, and Methods). Even though
ATP3 had previously been categorized as a mitochondrially
localized mRNA (4), we unexpectedly found this to be con-
dition dependent, as it has low association with mitochon-
dria, similar to TOM22, in vegetative conditions. However,
during respiratory conditions it strongly shifted towards as-
sociation with the mitochondrial surface, in a manner more
similar to TIM50 (Fig. 1B). This means that nuclear-encoded
mitochondrial mRNAs do not have to be solely mitochondri-
ally localized or diffusely localized; instead, they can show
a switch-like behavior depending on the metabolic needs of
the cell.

As yeast cells shift to respiratory conditions, the mito-
chondrial volume increases while the cell cytoplasmic vol-
ume decreases, thus leading to an increase in the mitochon-
drial volume fraction in respiratory conditions (Fig. 1C, Ex-
tended Data Fig. 3) (5). While ATP3 mRNA showed a strong
condition dependent localization, TIM50 and TOM22 mR-
NAs also showed modestly increased mitochondrial associ-
ation during respiratory conditions. (Fig. 1B). We wondered
what impact the reduction in the availability of free cytoplas-
mic space due to mitochondrial expansion had on mRNA co-
localization, especially for TOM22, which is not known to
bind the mitochondria. To test this, we quantified the mito-
chondrial localization of each mRNA while also quantifying
the changing mitochondrial volume fraction at a single-cell
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Fig. 1. Mitochondrial volume fraction correlates with mRNA localization. (A) Experimental setup for live imaging. Mitochondria were visualized by Su9-mCherry and
mRNAs were visualized by the single molecule MS2-MCP tethering system. Z-stacks were taken within 1.5 sec for each individual channel and multiple Z-stacks were
merged into a series. (Right top) Z-projected image of a live cell. Cyan: mRNA, Purple: matrix (Right bot) Reconstructed mRNA and mitochondria, Yellow: mRNA, Blue:
mitochondria. Scale bar, 2 µm. (B) The ratio of the mitochondrial associated mRNA per cell (n>27) of the different mRNA species in vegetative and respiratory conditions.
Error bar represents standard error of the mean (s.e.m.). Statistical significance was assessed by Mann–Whitney U-test (**** P < 0.0001; *** P < 0.001; ** P < 0.01). (C)
Snapshot of reconstructed mitochondrial surface (blue) and TIM50 mRNA foci (yellow) in vegetative and respiratory conditions. Scale bar, 1 µm. (D) Relationship between
the mitochondrial volume fraction and the ratio of mRNA localization to mitochondria. Trend line was depicted according to the best linear fit of the ratio of localization and
mitochondrial volume fraction of single cells in each condition of different mRNAs (n>27). Dotted red line marks the difference between vegetative and respiratory conditions
for mitochondria volume fraction. Gray region surrounding the trend lines represents the 95 confidence interval (CI) for each line. (E) Mitochondrial volume fraction and mRNA
localization have stoichiometric correlation. Relationship of ratio of mRNA localization to mitochondria and mitochondrial volume fraction from mathematical modeling was
plotted. Yellow line represents linearly fitted line for TOM22 mRNA. Green and blue lines were plotted through equilibrium constant of 2.4K0 and 8.8K0, respectively as
described in Methods.

level. We found that TOM22 showed a linear increase in co-
localization that was directly proportional to mitochondrial
volume fraction (Fig. 1D). Surprisingly, we found that ATP3

mRNA was more sensitive to mitochondrial volume fraction
than TIM50 and TOM22. This sensitivity was independent
of nutrients, as vegetative yeast cells also showed a larger in-
crease in ATP3 localization as the mitochondrial volume frac-
tion increased (Fig. 1D). At the lowest mitochondrial volume
fractions ATP3 localization was similar to the unlocalized
TOM22 mRNA, while at the highest volume fractions its lo-
calization was close to the mitochondrially localized mRNA
TIM50. This suggests that increased mitochondrial volume
fraction drives ATP3 mRNA localization to mitochondria.

To gain more insight into how mitochondrial volume
fraction is affecting mRNA localization, we designed in sil-
ico experiments based on our experimentally measured cell
and mitochondrial boundaries and mathematically modeled
how particles of varying affinities would co-localize with the
mitochondria. We were able to recapitulate the behaviour
of TOM22 by simply modeling an ideal Brownian particle
with no affinity for the mitochondria, which showed linearly-
correlated localization with mitochondrial volume fraction.
We then set up a simple equilibrium equation where the base-
line equilibrium constant, K0, was set by a freely diffusing
particle like TOM22 and multiplied by the affinity, A, of the
particle for the mitochondria thus giving K = AK0 (Meth-

ods). As the value of A increased in the simulation, the ra-
tio of mitochondrial localization of the mRNA for a given
mitochondrial volume fraction increased as well (Fig. 1F).
We then applied this relationship to estimate the experimen-
tal values of A to be 2.4 and 8.8 for ATP3 and TIM50, respec-
tively (Fig. 1E). Interestingly, this simple mathematical rela-
tionship also recapitulates the shape of the curves in Figure
1D, suggesting that the apparent shift in association occurring
during the switch from vegetative to respiratory conditions
may be solely a result of the combination of the mitochon-
drial volume fraction and the strength of mRNA sequence-
specific association and therefore not due to the difference in
growth condition or to other mechanisms. The association
between an mRNA and mitochondria can thus be tuned to
permit a switch-like transition in mitochondrial localization
purely due to a nutrient-induced change in mitochondrial vol-
ume fraction independent of any other regulation, as is seen
for ATP3 mRNA (Fig. 1B).

To further analyze the functional role for this varied in-
crease in mRNA localization, we compared mRNA levels
(via number of mRNAs per single cell) with protein levels
(via both single cell measurements and bulk assays) in both
vegetative and respiratory conditions. Atp3 protein levels
increased four-fold while mRNA levels increased less than
two-fold when cells were grown in vegetative versus respira-
tory conditions. TIM50 mRNA, which is constitutively local-
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Fig. 2. Increased protein synthesis and mRNA localization is regulated by the downstream coding sequence. (A) ATP3 mRNA and TIM50 mRNA expression number
per cell. MCP-GFP foci were counted per cell (n>27). (B) Atp3p-GFP and Tim50p-GFP fusion protein expression level using GFP fluorescent intensity per cell. Statistical
significance was assessed by Mann–Whitney U-test (**** P < 0.0001; *** P < 0.001; ns, no significant difference). (C) Atp3p-GFP and Tim50p-GFP fusion protein expression
level using western blotting with anti-GFP antibody. Error indicates standard deviation of three independent experiments. (D) ER-localization signal and translational inhibitor
drugs alter the ratio of the mitochondrial associated mRNA per cell of the strains in Fig. 1B (n>20). LTM, 50µM for 20min. Error bar represents s.e.m. Statistical significance
compared with control (value in Fig. 1B, red dotted line) was assessed by Mann–Whitney U-test (**** P < 0.0001; * P < 0.05; ns, no significant difference). (E) Schematic
of chimeric reporter genes for swapping of MTS (1-100aa) and CDS (101aa-) between TIM50 and ATP3. (F) Protein expression from reporter genes depicted in E. Growth
‘V’ represents vegetative and ‘R’ represents respiratory conditions. Tub1p was used as internal loading control. Protein expression ratio between vegetative and respiratory
conditions is shown in the bottom row. Error indicates standard deviation of three independent experiments. (G) The ratio of mitochondrial associated mRNA per cell of the
reporter mRNAs in vegetative and respiratory conditions (n>34). Error bar represents s.e.m. Statistical significance was assessed by Mann–Whitney U-test (* P < 0.05; ns,
no significant difference).

ized to the mitochondria under both conditions, showed no
change in protein levels in respiratory conditions (Fig. 2A,
B, C). This suggests that mRNA localization to mitochondria
may drive increased protein production.

Given these results, we wanted to delve further into the
mechanism of this varying localization and protein produc-
tion. Even though the mitochondrial protein import machin-
ery is well described, an ER-like signal recognition particle
dependent mechanism of co-translational protein import has
not been identified for the mitochondria (6, 7). However,
a series of biochemistry and microscopy analysis showed
that some nuclear encoded mitochondrial protein mRNAs are
translated on the mitochondrial surface (2, 4, 8–12). We
therefore investigated the effects of the MTS and of pro-
tein translation on mRNA association to mitochondria. We
replaced the MTS of Tim50p with an ER-localization sig-
nal or introduced an ER-targeting signal at the N terminus
of Tom22p (Fig. 2D) (13). Even though TIM50 mRNA
was associated with mitochondria, ER-TIM50, TOM22, and
ER-TOM22 mRNAs were not associated with mitochondria
(Fig. 2D), indicating that the TIM50 MTS is necessary to
recruit mRNA to mitochondria. To further support the role
of the MTS in mRNA localization, we tested whether reduc-
ing ribosome-nascent chain association by using the trans-

lation initiation inhibitor lactimidomycin (LTM) would af-
fect mRNA localization (Fig. 2D). We found that TIM50

mRNA in all conditions and ATP3 mRNA in respiratory con-
ditions decreased localization to the mitochondrial surface
upon LTM addition, while ATP3 mRNA in vegetative con-
ditions showed only minimal changes in localization upon
LTM addition (Fig. 2D). These results suggest that the
actively translating ribosome drives mRNA localization to
mitochondria through production of the nascent N-terminal
MTS.

From our simulation we were able to recapitulate ex-
perimental results in which TIM50 mRNA had higher affin-
ity for the mitochondria than ATP3 mRNA, making it less
dependent on mitochondrial volume fraction. As the MTS
was necessary for localization to the mitochondria, our ini-
tial hypothesis was that Tim50p MTS has a higher affinity
for the mitochondria than the Atp3p MTS, causing the dif-
ferences in mRNA affinities. To test this hypothesis, we de-
signed chimeric GFP reporter genes wherein we swapped the
MTS sequences between Tim50p and Atp3p under TIM50

promoter control (Fig. 2E). Surprisingly, we found that the
downstream coding sequence (CDS) was what differentiated
TIM50 from ATP3 and not the MTS. When the reporter gene
was tagged onto TIM50-CDS, it showed uniform protein pro-
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DRAFTFig. 3. Decreased translational elongation localizes mRNA to mitochondria. (A) Schematic of deletion of polyproline sequence from TIM50-GFP reporter gene. This
construct is called TIM50-P7. (B) Protein expression from reporter genes TIM50-GFP and TIM50-P7. Growth ‘V’ and ‘R’ correspond to vegetative and respiratory conditions,
respectively. Tub1p was used as internal loading control. Protein expression ratio between vegetative and respiratory conditions is shown in the bottom row. Error indicates
standard deviation of three independent experiments. (C) The ratio of the mitochondrial associated mRNA per cell (n>20) of the reporter mRNAs in vegetative and respiratory
conditions. Error bar represents s.e.m. Statistical significance was assessed by Mann–Whitney U-test (* P < 0.05; ns, no significant difference). (D) Translational inhibitor
drugs alter the ratio of the mitochondrial associated mRNA per cell (n>43) of the strains in control (vegetative condition, Fig. 1C). CHX+PH indicates 100µg/mL cycloheximide
and 200µg/mL 1,10-Phenanthroline for 10min. Error bar represents s.e.m. Statistical significance was assessed by Mann–Whitney U-test (**** P < 0.0001; ns, no significant
difference). (E, F) The ratio of the mitochondrial associated mRNA per cell (n>16) of the different mRNA species in vegetative, respiratory, and CHX-treated conditions. Error
bar represents s.e.m. Statistical significance was assessed by Mann–Whitney U-test (**** P < 0.0001; *** P < 0.001; ns, no significant difference).

duction in vegetative versus respiratory conditions, indepen-
dent of which MTS was present (Fig. 2F lane 1 vs. 2 and
lane 5 vs. 6). However, when the reporter gene was tagged
onto ATP3-CDS, it showed decreased protein production in
vegetative conditions (Fig. 2F lane 3 vs. 4 and lane 7 vs.
8). Similarly, the reporter genes that harbored the ATP3-CDS
also showed decreased mitochondrial mRNA association ra-
tios in vegetative conditions (Fig. 2G). These experiments
suggest that the TIM50 and ATP3 MTS have similar affini-
ties for the mitochondria, but that what drives the condition
specific differences of mRNA localization and protein pro-
duction between these mRNAs is encoded in the downstream
CDS.

Our model proposes that the reason ATP3 mRNA in-
creases localization in respiratory conditions is that the in-
creased mitochondrial volume fraction increases the proba-
bility that the nascent MTS will interact with the mitochon-
drial surface. If the ATP3 and TIM50 MTS have similar affin-
ity for the mitochondria, we hypothesized the reason TIM50

has higher mitochondrial association at lower mitochondrial
volume fractions is because the downstream CDS increases
the chance of association between mitochondria and MTS

possibly by slowed translation elongation. Upon further ex-
amination we found that the TIM50 downstream coding se-
quence has a 14 amino acid region approximately 60 amino
acids downstream of the TIM50 MTS that contains 10 proline
residues, including 7 consecutive polyprolines. Polyproline
stretches have been shown to mediate ribosome stalling and
when we investigated a ribosome profiling data set we found
that ribosomes accumulate at this polyproline stretch during
vegetative conditions (Extended Data Fig. 5) (14). This sug-
gests a possible mechanism, similar to what has been seen
for SRP recognition, by which local slowdown of ribosomes
increases the chance that the mitochondria will recognize
the TIM50 MTS and consequently promote its association
with the mitochondrial surface (15). To test this, we deleted
these polyproline residues and found this caused TIM50 to
be more sensitive to environmental conditions as it reduced
the protein synthesis and mRNA localization of TIM50 dur-
ing vegetative conditions (Fig. 3A, B, C). In contrast, the
ATP3 coding sequence does not have any strong ribosome
stalling sequence. This suggests that ATP3 mRNA localiza-
tion and protein synthesis are regulated solely in a mitochon-
drial volume fraction-dependent manner. If this is true, artifi-
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Fig. 4. mRNA localization to mitochondria enhances its translation. (A) Schematic of artificial mRNA tethering to mitochondria using MS2-MCP system. mRNA harboring
a MS2 tandem sequence were tethered to mitochondria through C-terminus MCP tagged Tom70p or Tom20p. (B) Protein expression analysis of reporter mRNAs, which are
tethered to mitochondria (lanes 2, 3) or ER (lane 4). Protein expression was analyzed using an anti-GFP antibody. Tub1p in the strain harbouring GFP-MS2 reporter genes
was used as an internal loading control. (C) Quantification of B. Protein expression was normalized to the No-MCP strains. Error bar represents standard deviation of three
independent experiments. (D) Protein expression analysis in anchored-away conditions. Protein expression levels in each strain in respiratory conditions were determined
by Western blotting using flag-antibody. Protein expression ratio between strains with and without CaaX was shown at the bottom. Error indicates standard deviation of three
independent experiments. (E) Growth assay for plasma membrane localized mRNA, which consists of an integrated MS2 sequence into the 3’-UTR of genomic DNA. TIM50

and ATP3 mRNAs were anchored away to the plasma membrane using CaaX-tag harbored MCP-GFP proteins. Cell growth was tested on YPAD (vegetative) and YPAGE
(respiratory) conditions at 30°C for 2 days and 3 days, respectively. (F) Mitochondria can coordinate gene expression during times of metabolic need via mitochondrial volume
fraction-based control and simple chemical kinetics of nuclear-encoded mRNA localization bypassing nuclear gene regulation. mRNAs with low affinity for mitochondria
localization are greatly affected by geometrical features of cells and mitochondrial volume fraction. When mitochondrial volume fraction is high in respiratory conditions,
mRNA localization to mitochondria is increased and protein synthesis is induced by its localization. On the other hand, mRNAs with high affinity to mitochondria are always
associated with mitochondria and thus not much affected by geometrical features.

cially slowing the ribosomes in vegetative conditions should
drive ATP3 mRNA to become mitochondrially localized. To
test this hypothesis, we measured mitochondrial mRNA lo-
calization following the addition of cycloheximide (CHX),
which slows translation elongation and stabilizes the mRNA-
ribosome complex with the MTS, thereby giving it more time
to associate with mitochondria (Fig. 3D). As our hypothesis
predicted, we observed a three-fold increase in the associ-
ation of ATP3 mRNA with mitochondria during vegetative
conditions but no increase in the case of TOM22 mRNA (Fig.
3D). Interestingly, CHX treatment only slightly increased
TIM50 mRNA localization, potentially suggesting that most
of these cytoplasmic mRNAs were already localized to the
mitochondria.

A previous study found that 130 of 595 annotated
nuclear-encoded mitochondrial mRNAs are sensitive to
translation elongation rate and become localized to the mi-
tochondrial surface upon cycloheximide treatment similar to
ATP3 (2). Interestingly, all of the ATP synthase subunits that
are conserved from bacteria to eukaryotes are sensitive to cy-
cloheximide, except for the e subunit, ATP16, while all of the
non-conserved subunits are insensitive to cycloheximide (Ex-
tended Data Sheet 1). We wondered if this sensitivity may
be indicative of mRNAs that also switch their localization
as the mitochondrial volume fraction increases during respi-
ratory conditions (Extended Data Sheet 1). We found that
ATP2, the conserved b subunit of the ATP synthase, was sim-
ilar to ATP3 in that it showed a large increase in localization

upon a shift to respiratory conditions and was sensitive to cy-
cloheximide (Fig. 3E). However, the non-conserved subunit,
ATP7, behaved more like TOM22, where it was insensitive
to cycloheximide and had a much smaller increase in mito-
chondrial localization in respiratory conditions than ATP2 or
ATP3 (Fig. 3F).

These results suggest that mRNA localization to mito-
chondria may be a way to drive the coordinated increase
in mitochondrial protein production observed in respiratory
conditions. An alternative explanation is that increased trans-
lation drives more nascent protein production, which in-
creases mRNA localization to the mitochondria. To directly
test these two possibilities, we analyzed the effect of driv-
ing mRNA localization to mitochondria on protein expres-
sion. To accomplish this, we tethered reporter mRNAs to
mitochondria by MS2 sequences. We inserted the MCP pro-
tein into the C-terminus of Tom20p and Tom70p, two well-
characterized proteins on the outer mitochondrial membrane,
and analyzed subsequent protein production (Fig. 4A). We
found that tethering TIM50-flag-GFP and ATP3-flag-GFP

mRNA to the mitochondria was sufficient to upregulate pro-
tein production. Surprisingly, protein production was in-
creased independent of the mRNA harbouring an MTS. An
mRNA that contained flag-GFP with no mitochondrial se-
quences also showed increased protein production (Fig. 4B,
C). We then analyzed whether tethering to the ER might af-
fect protein production by inserting the MCP protein into the
C-terminus of Sec63p. We also saw increased protein pro-
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duction when mRNA was tethered to the ER, suggesting that
the surface of both of these organelles may harbour enhanced
protein synthesis capacity. In addition to increased protein
expression, we also observed increased mRNA levels when
mRNAs were tethered to the mitochondria. However, the
ratio of protein to mRNA was much higher (Extended Data
Fig. 6, 7), suggesting that translational efficiency is increased
on the mitochondrial surface. To test whether localization to
the mitochondria is necessary for optimal protein production
during respiratory conditions, we reduced the localization of
endogenous ATP3 and TIM50 mRNA to mitochondria by di-
recting those mRNAs to the plasma membrane via insertion
of a CaaX-tag to the C termini of MCP-GFP proteins (16).
This caused a decrease in protein levels of both ATP3-flag-
GFP and TIM50-flag-GFP strains (Fig. 4D). We next inves-
tigated whether enhancing protein synthesis was essential for
optimal cell growth. Cells in which ATP3 mRNA was an-
chored to the plasma membrane and away from the mito-
chondria in respiratory conditions showed a growth defect
whereas ER tethering of mRNAs, which does not impair pro-
tein synthesis, did not affect cell growth. (Fig. 4E, Extended
Data Fig. 8). This suggests that localization of mRNA to
mitochondria is important for optimal cell growth by driving
enhanced protein synthesis during respiratory conditions.

Together, our results suggest the cell is able to use
geometrical constraints that arise from increased mitochon-
drial volume fraction during respiratory conditions to drive
localization of mRNAs to the mitochondrial surface (Fig
4F). Furthermore, we found that artificially tethering mRNA
to organelles increased protein synthesis while anchoring
mRNA away from the mitochondria reduced protein synthe-
sis. These results strongly suggest that mRNA localization
to the mitochondria is a way to control protein synthesis.
We observed that the conserved subunits of ATP synthase
were particularly sensitive to cycloheximide administration
and that these subunits showed similar localization regula-
tion patterns; this suggests a mechanism may have evolved
that coordinates the expression and stoichiometry of vital
subunits of this complex. However, how organelle localized
mRNA can increase protein synthesis is still an open ques-
tion. We consider the simplest explanation that there may be
an increased density of ribosomes on the organelle surface
since not only mitochondria but also ER tethered mRNAs in-
creased protein production (Fig. 4B, C). It also might be true
that translation initiation factors are highly phosphorylated
around mitochondria since mitochondria produce high levels
of ATP. An alternative, intriguing idea is that mitochondrial-
localized ribosomes have specific modifications for enhanc-
ing translation (17). By using organelle volume fraction as a
feedback mechanism to regulate organelle-specific gene ex-
pression through mRNA localization, this allows potential
protein synthesis control without coordination with transcrip-
tion of the nuclear genome. While we have found this gene
expression control mechanism in yeast, we speculate higher
eukaryotic cells could use organelle volume fraction depen-
dent translation regulation as well. This could be especially
important in neurons, which have high metabolic activity, but

also must be able to regulate their gene expression in space
and time while being remote from the cell body.
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