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A decline in mitochondrial function is a hallmark of aging and neurodegen-

erative diseases. It has been proposed that changes in mitochondrial mor-
phology, including fragmentation of the tubular mitochondrial network, can
lead to mitochondrial dysfunction, yet the mechanism of this loss of function
is unclear. Most proteins contained within mitochondria are nuclear-encoded
and must be properly targeted to the mitochondria. Here, we report that
sustained mRNA localization and co-translational protein delivery leads to a
heterogeneous protein distribution across fragmented mitochondria. We find
that age-induced mitochondrial fragmentation drives a substantial increase in
protein expression noise across fragments. Using a translational kinetic and
molecular diffusion model, we find that protein expression noise is explained
by the nature of stochastic compartmentalization and that co-translational
protein delivery is the main contributor to increased heterogeneity. We
observed that cells primarily reduce the variability in protein distribution by
utilizing mitochondrial fission-fusion processes rather than relying on the
mitophagy pathway. Furthermore, we are able to reduce the heterogeneity of
the protein distribution by inhibiting co-translational protein targeting. This
research lays the framework for a better understanding of the detrimental
impact of mitochondrial fragmentation on the physiology of cells in aging and
disease.

M Check for updates

Mitochondria are hubs for metabolites and energy generation and
have been deemed important for age-related processes and diseases,
including cancer and neurodegeneration'>. The loss of mitochondrial
function in these pathological phenotypes is tied to cell-to-cell varia-
bility in gene expression caused by the amount and functional mito-
chondrial heterogeneity within a cell*®. Two different aspects of

mitochondrial heterogeneity of a single cell are often discussed:
genetic heterogeneity and functional heterogeneity’. Genetic hetero-
geneity is based on the distribution of mtDNA and varying rates of
mtDNA gene transcription and translation, which increase the het-
erogeneity of protein levels for each fragment®, known as noise’. On
the other hand, definitions of functional heterogeneity are more
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diverse, involving cristae structure'® ™, membrane potential", and

pH™' distributions in mitochondria. Both genetic and functional het-
erogeneities are influenced by mitochondrial morphology, especially
by fragmentation. The sustained fragmentation of mitochondria pre-
cludes the exchange of mitochondrial contents among mitochondria,
leading to non-optimal protein stoichiometry of mitochondrial com-
plexes, disruption of normal protein homeostasis, and loss of func-
tional mitochondria”?*. While fragmented mitochondria are
suggested to be degraded by the mitochondria quality control path-
way through mitophagy”, hyper-fragmented mitochondria, which is
also a phenotypic feature of diseases, require more dynamic reg-
ulatory mechanisms to eliminate the potentially harmful mitochon-
drial state from the cells, such as mitochondrial fission-fusion reactions
and tubular structure formation®.

Mitochondrial proteins are encoded mainly in the nuclear genome
and then imported to mitochondria from the cytoplasm?”. A large
fraction of mitochondrial protein-coding mRNA is localized to the
mitochondrial outer membrane and co-translationally imports proteins
into mitochondria®®>*, The mechanism of mRNA localization is based
on both the 3’ UTR and coding regions, primarily through mitochon-
drial targeting sequences (MTSs)*?**. While there is an advancing
understanding of mitochondrial mRNA localization mechanisms, the
impact of co-translational protein targeting on mitochondrial function
under different mitochondrial morphologies is poorly understood.
Furthermore, mtDNA only encodes a small number of genes, eight
protein-coding genes in Saccharomyces cerevisiae”, raising the question
of whether the distribution of nuclear-encoded proteins, which are
imported into mitochondria from the cytoplasm, causes mitochondrial
dysfunction. Here, we report that co-translational protein delivery and
mitochondrial fragmentation together lead to heterogeneity in protein
distribution to mitochondria in aged cells. Our work shows that mito-
chondrial fragmentation affects protein targeting and results in higher
protein heterogeneity in each mitochondrial fragment. This hetero-
geneity is typically homogenized by the mitochondrial fission-fusion
processes, not the mitophagy pathway. By inhibiting the co-
translational protein delivery, we successfully reduced protein hetero-
geneity. We propose that age-associated fragmentation of mitochon-
dria induces an increased heterogeneity of mitochondrial proteins,
ultimately leading to accelerated cell senescence.

Results

Aging increases heterogeneity in mitochondrial protein dis-
tribution in each mitochondrion

Nuclear-encoded mitochondrial protein import is essential for the
proper functioning of mitochondria. Disruption of this process has
been linked to a number of diseases®. The core of the TIM23 complex,
composed of Tim23p, Tim50p, and Tim17p, forms a translocase of the
inner mitochondrial membrane that is important for importing a large
number of matrix proteins®. To analyze the effect of aging on the
distribution of mitochondrial proteins in yeast, we adopted mother-
enrichment-program (MEP) yeast strains*°, with which we can con-
tinuously observe mother cells by inhibiting a cell cycle progression of
the daughter cell and then determined the protein expression levels of
Tim50p and Tim23p by quantitative microscopic techniques. We
analyzed cells at O divisions (0 h) and ~16 divisions (24 h) following the
induction of MEP (Fig. 1A, Supplementary Fig. 1). Consistent with prior
research®, the number of fragments increased with aging (24 h)
(Fig. 1B). To evaluate the mitochondrial fragmentation in each cell, we
calculated the proportion that each mitochondrion in a cell con-
tributes to the total mitochondrial volume at the single-cell level. For a
cell with a single, fully tubular mitochondrion, this portion would be 1;
whereas, for a cell with many highly fragmented mitochondria, the
portion for each mitochondrion would be much smaller than 1, as the
volume of each fragment only contributes a small fraction of the total
mitochondrial volume. At 24 h, when there are many fragments per

cell, we see that the typical portion of mitochondria for each mito-
chondrion is small, while a much larger portion for each mitochon-
drion was observed at Oh (Fig. 1C). Imbalances in protein
stoichiometry can lead to the loss of protein complex function and
even protein aggregation-driving proteotoxic stress*. As each frag-
mented mitochondria can act as an independent fundamental unit, we
sought to quantify the heterogeneity of Tim50 and Tim23 proteins
across mitochondrial fragments. We observed more significant het-
erogeneity in the Tim50/Tim23 relative protein expression in each
mitochondrial fragment (Fig. 1D) and confirmed the significant
increase in the noise (coefficient of variation) level with increased age
(Fig. 1E). We hypothesized that the age-induced changes in mito-
chondrial morphology may contribute to this increased noise level, so
we analyzed the relationship between the protein expression level and
mitochondrial fragment size. The increased number of smaller mito-
chondrial fragments during aging was linked to the increased hetero-
geneity of the Tim50/Tim23 relative protein levels (Fig. 1F, G).
Interestingly, the overall protein expression of the fragments remained
constant, as the linear regression line of Tim50/Tim23 relative protein
level in Fig. 1F stayed the same over the fragments. These results
provide a de novo observation that aging increases heterogeneity in
the distribution of mitochondrial protein at the overall fragment level.

Stochastic nature of co-translational proteins targeting
increased protein heterogeneity

Our observation suggests that small portion sizes of mitochondria
cause high heterogeneity in protein expression, leading to increased
protein expression heterogeneity in aged cells with predominantly
small mitochondria. Most mitochondrial proteins are imported from
the cytoplasm; however, the mRNA number in a single cell is limited to
5-10 molecules or fewer for most genes***, Since the limited number
of reactant molecules can impact the rate of a chemical reaction in
general, we sought the quantitative relationship of how mRNA num-
bers and co-translational protein targeting to mitochondria affect
mitochondrial protein heterogeneity. To explore this, we analyzed the
single molecule mRNA movement of TIM50 mRNA with a relationship
to mitochondria in live cells. We visualized mitochondria using
mCherry linked to the mitochondrial matrix marker, Su9, while mRNAs
were labeled with the MS2-MCP system. We reconstructed and ana-
lyzed the 3D mRNA movement trajectory using Mitograph V2.0 and
Trackmate (ImageJ Plugin) in WT strains (Fig. 2A, Supplementary
Fig. 2)**. We found that TIM50 mRNAs localized to mitochondria (blue
dots) showed restricted and slower movement as compared to freely
moving mRNAs (red dots) (Fig. 2B). Moreover, the distance traveled by
mRNA localized to the mitochondrial surface is also reduced com-
pared to freely moving mRNAs (Fig. 2C, Supplementary Fig. 2). This
leads mRNAs to remain localized to small mitochondrial regions for
long periods. Collectively, these observations indicate that mito-
chondrial localization restricts the movement of T/M50 mRNAs. Con-
sidering the half-life and abundance ratio of mRNA and protein, single
mRNAs can produce tens to hundreds of proteins over an mRNA
lifetime*’. This suggests that the limited number of mRNA largely
provides translated protein into a fixed number of mitochondria when
the mitochondria become morphologically fragmented.

To explore the underlying causes of protein expression noise, we
apply mathematical modeling (Fig. 2D). With a TIM50 mRNA copy
number of six** and a lifetime of 10 min*>*¢, a mean of 54 mRNAs will be
produced in a 90-minute generation, with a corresponding noise of
0.14 (Methods). If the number of proteins produced is proportional to
mRNA produced, then protein numbers will have a similar noise due to
mRNA production stochasticity of 0.14, similar to the minimum in
Fig. 1G, setting a size-independent noise floor. Although bursty tran-
scription would reduce the number of distinct mRNA production
events necessary to produce an equal mMRNA number and thus increase
the noise contribution from mRNA production stochasticity, yeast
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Fig. 1| Aging increases the heterogeneity of mitochondrial protein distribu-
tion. A Protein distribution to each mitochondrial fragment in a young cell (top)
and an aged cell (bottom). The cells of mother enrichment program strains marked
with DyLight were analyzed at O h and 24 h after the addition of estradiol. The
Tim50-GFP and Tim23-mCherry fluorescence was visualized by a spinning disc
confocal microscope. BF: Bright field (center focal plane), DyLight, Tim50-GFP,
Tim23-mCherry: z-projected images of each channel (Far-Red, GFP, RFP). Green/
Red: merge of GFP and RFP channels. Scale bar, 2 um. Images are the representation
of three independent experiments. B The number of mitochondrial fragments per
cell of the cells at 0 h and 24 h cells in A (n>30, P=13E-14). C The size of each
mitochondrion was normalized as a portion of mitochondria per cell based on the
sum of Tim23-mCherry intensity (n >30, P=1.1E-61). D The ratio distribution for
the protein expression level of Tim50-GFP and Tim23-mCherry for each mito-
chondria fragment. The median was normalized to 1. (a.u. arbitrary units). Data
presented as boxplots is denoted by the median, limits are the interquartile range

portion of mitochondria

and whiskers correspond to 1.5 times the interquartile range (B-D). E The coeffi-
cient of variation (CV) or noise of data in D. The results represent the mean +
standard deviation of three independent experiments (P=0.002). F The ratio dis-
tribution for the protein expression level of Tim50-GFP and Tim23-mCherry for
each mitochondria fragment in D along with the portion of mitochondria. Each dot
represents an individual mitochondrial fragment. The gray region surrounding the
regression lines (two-sided) represent standard error of the mean (SEM). G The
noise of F along with the portion of mitochondria. Each noise data point was
calculated by dividing the population of individual mitochondrial fragments into
eight groups. Error bars represent the SEM of three independent experiments. For
F, G, R-squared values and p-values for the F statistic hypothesis test are shown on
the side. The p-values were determined using the two-tailed Mann-Whitney test for
B, C, Student’s t test for E, and linear regression for F and G. Source data are
provided as a Source Data file.

transcription appears to exhibit a small burst size*’*%, limiting such an
increase. In contrast to noise associated with mRNA production, with
protein delivery proportional to mitochondrial size, the noise asso-
ciated with protein delivery will be inversely proportional to the square
root of the mitochondrial portion size, such that this noise will
decrease with increasing mitochondrial size with decreasing slope for
larger mitochondrial fragments, similar to the trend observed in
Fig. 1G. With post-translational protein delivery, there are a large

number of independent delivery events, leading the mitochondrial
size-dependent noise from protein delivery to specific mitochondria to
be relatively low. In contrast, with co-translational protein delivery,
there are fewer protein delivery events, and the noise from protein
delivery is relatively high. The stochasticity from mRNA production
and protein delivery are combined in a stochastic simulation of two
mitochondrial fragments (Fig. 2D). Post-translational protein delivery
leads to noise independent of size and slightly above mRNA
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Fig. 2 | Stochastic nature of co-translational protein targeting increases the
protein heterogeneity at the single mitochondrion. A Reconstruction of mito-
chondrial and Tim50 mRNAs positional information in a single cell. Blue: mito-
chondria. The color particle and lines correspond to the same mRNAs (A-C). B The
3D trajectory of Tim50 mRNA movements in a single cell. The colors of mRNA
positions indicate the distance from the mitochondrial surface. Distance units for
3D trajectory and color bar indicating distance from mitochondria are in units of
pum. C The 2D trajectory of Tim50 mRNA movements regarding the distance to
mitochondria (um) and the horizontal movement to the mitochondrial surface

0.00 0.25 0.50 0.75 1.00
portion of mitochondria

0.25 0.50 0.75 1.00
portion of mitochondria

(surface movement) in 3 s (um/3s). D A stochastic model description in which
mitochondrial size and co-translational protein targeting with mitochondrial
fission-fusion coordinate protein distribution using translational kinetic and
molecular diffusion. Relationship between the noise of protein distribution and
mitochondrial size of different protein import mechanisms (E), mRNA production
rates (F), protein production rates (G), and fission-fusion rates (H) in the stochastic
model. The trend line was calculated using a Loess regression. Source data are
provided as a Source Data file.

production noise of 0.14 (Fig. 2E). In contrast, co-translational protein
delivery leads to a size-dependent noise, with higher noise for small
mitochondria (Fig. 2E) that can be increased by decreasing the mRNA
production rate (Fig. 2F). It is interesting to note that the rate of pro-
tein production by each mRNA does not affect the noise (Fig. 2G).
Mitochondrial fusion facilitates protein spread between mitochondria,
such that with co-translational protein delivery, the mitochondrial size
dependence of the noise is enhanced by a low mitochondrial fusion

rate. Increasing the fusion rate compresses the size range over which
noise increases to the smallest mitochondria, and at the highest
mitochondrial fusion rates, the size dependence of noise is eliminated,
with only noise due to mRNA production remaining (Fig. 2H). Sto-
chastic simulations with dynamic mitochondrial networks of 30 frag-
ments yield similar dependence on mitochondrial size and fusion rate
(Supplementary Fig. 3A and Methods), as well as suggest that
increased mitochondrial fragmentation due to decreased fusion in
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older cells may lead to increased noise for smaller mitochondria,
compared to equally small mitochondria in cells with less fragmented
mitochondrial networks (Supplementary Fig. 3B, C and Methods).
These findings suggest that the localization of mitochondrial mRNA
and the co-translational delivery of proteins contribute to the noise in
protein expression observed in small mitochondria and that this effect
is amplified when the rate of mitochondrial fusion decreases.

Mitochondrial fusion dynamics maintain the homogeneous
protein distribution

Mitochondrial morphological changes are dictated by the balance of
fission-fusion reactions and mitophagy pathways maintained by

regulatory proteins®*’. To investigate whether mitochondrial fusion
dynamics regulate the homogeneity of mitochondrial protein dis-
tribution, we used the fusion mutant, fzoIA. As expected, cells lacking
Fzol exhibited fragmented mitochondrial morphology and a sig-
nificant increase in the noise level of relative Tim50/Tim23 protein
expression (Fig. 3A, B). Moreover, consistent with the above modeling
(Fig. 2H), the noise level decreased substantially with an increase in the
portion size of mitochondria in fzoIA cells (Fig. 3C). We next used the
mitophagy deficient strain, atg32A, to examine the role of mitophagy
in protein heterogeneity. In contrast to fzolA cells, we found that
atg32A cells showed no significant increase in mitochondrial frag-
mentation (Fig. 3D) or the noise level of relative Tim50/Tim23 protein
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Fig. 3 | The heterogeneity of protein distribution is maintained by mitochon-
drial fission-fusion reaction and not through the mitophagy pathway. Protein
distribution to each mitochondrial fragment in mutant strains: fission-mutant strain
Jfz0IA (A-C, G-1), mitophagy-deficient strain atg32A (D-F, J-L) (n>31). The fluor-
escence of Tim50-GFP and Tim23-mCherry (A-D) or Su9-mCherry (G-J) were
visualized by a spinning disc confocal microscope. BF: Bright field (center focal
plane), Tim50-GFP, Tim23-mCherry, Su9-mCherry: z-projected images of each
channel (GFP, RFP). Merge: merge of GFP and RFP channels: scale bar, 2 um.

B-E, H-K The noise of protein distribution in mutant strains. The results represent

portion of mitochondria

the mean + standard deviation of three independent experiments. Statistical sig-
nificance was evaluated by the two-tailed Student’s ¢ test (P=3.95E-05 (B),
P=0.003 (H)). C- F, I- L Relationship between the noise of protein distribution and
mitochondrial size in mutant strains. The noise value was calculated by dividing the
population of individual mitochondrial fragments into eight groups. Error bars
represent the SEM of three independent experiments. R squared values and
p-values for the F statistic hypothesis test are shown on the side. Source data are
provided as a Source Data file.
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expression (Fig. 3E). Heterogeneity decreased with increasing mito-
chondrial portion size for atg32A cells, similar to the WT (Fig. 3F).

To further examine whether these regulatory relationships can be
applied to general mitochondrial protein homeostasis, we tested two
other mitochondrial proteins that are not components of an identical
protein complex. We co-expressed Tim50-GFP and Su9-mCherry, a
subunit 9 of mitochondrial ATPase of Neurospora crassa*® conjugated
with mCherry and localized to the mitochondrial matrix in yeast
strains. We observed fragmented mitochondrial morphology and a
significantly increased noise level in Tim50/Su9 relative protein
expression in the fzoIA cells, compared to WT (Fig. 3G, H). Further-
more, Tim50/Su9 heterogeneity remains consistently high in fusion
mutant cells, even for large mitochondrial portions (Fig. 3I). This is
very different from the exponential relationship seen in the noise of
Tim50/Tim23 (Fig. 3C). This suggests that when proteins do not form a
complex, the homogeneity of proteins can easily be dysregulated. We
observed a similar expression phenotype for relative Tim50/Su9 and
Tim50/Tim23 proteins in atg32A cells (Fig. 3J-L). All the above evidence
suggests that fission-fusion dynamics regulate heterogeneity in mito-
chondrial protein expression, and mitophagy may only have a minor
influence on mitochondrial protein heterogeneity. These observations
are not restricted to a specific protein complex as Tim50/Tim23 and
Tim50/Su9 relative protein expression levels show similar noise level
phenotypes as mitochondrial fusion dynamics change.

Inhibition of co-translational protein targeting prevents het-
erogeneous protein distribution

Next, we tested the two possible strategies to reduce heterogeneity in
the protein distribution for smaller mitochondrial fragments. Our
computational modeling showed that increasing the number of mRNA
copies would reduce heterogeneity. To test this, we introduced a GFP-
tagged TIMS0 integration plasmid with different copy numbers to
control mRNA copy numbers. We observed that an increase in copy
number decreased noise in the fzolA cells, indicating reduced het-
erogeneity in mitochondrial protein composition (Fig. 4A). Doubling
the mRNA copy number decreased noise by a factor of approximately
1.3 and tripling the copy number by approximately 1.8, similar to
decreases predicted by modeling the mRNA production contribution
to noise of 1.4 and 1.7, respectively. We further noticed that with an
augmented expression of TIM50 mRNA, there is a significant decrease
in protein heterogeneity across all mitochondrial proportions
(Fig. 4B), which was also seen in our simulations (Fig. 2F).

We then examined if altering co-translational delivery by directing
localization of mitochondrially localized mRNA to other specific sub-
cellular locations affects the heterogeneity of the protein distribution.
We tested a tethering model where a CAAX-tagged MCP protein (MCP-
CAAX) represented plasma membrane tethering (Fig. 4C)*. Since we
previously observed that fzoIA strains lost the regulation of protein
heterogeneity with an increase in mitochondrial proportion, we ana-
lyzed the effect of membrane tethering on protein heterogeneity in the
fzoIA cells. We found that membrane tethering successfully rescued
the phenotype, and protein heterogeneity was significantly decreased
compared to the control strain (Fig. 4D, E).

To further strengthen the observation that increased hetero-
geneity results from protein import stochasticity and not from the
redistribution of proteins in the mitochondria, we induced acute
fragmentation using carbonyl cyanide 3-chlorophenylhydrazone
(CCCP), which dissipates the mitochondrial membrane potential. No
significant increase in protein heterogeneity was observed in the
treatment groups compared to the control group (Fig. 4F, G), sug-
gesting that acute fragmentation alone does not increase protein
heterogeneity. Furthermore, this suggests that the measured changes
in heterogeneity from sustained mitochondrial fragmentation are not
an artifact of quantification errors from different size and shape dis-
tributions of mitochondria.

Finally, to explore if our model for the protein distribution noise
applies to other co- and post-translationally targeted proteins, we
analyzed the noise in several GFP-tagged yeast strains. As we have
found that both mRNA expression and co-translational targeting can
affect protein expression noise, we focused on proteins whose mRNA
expression is similar to Tim50 (Fig. 4H)**"*%. These include the co-
translationally localized proteins Mia40, DId1, and Cox15, along with
Pdx1 and Rsm7, which were post-translationally localized. We find that
the two post-translationally targeted proteins exhibit significantly
lower heterogeneity than all four of the co-translationally targeted
proteins (Fig. 41). Additionally, a consistent pattern emerged between
noise and fragment size, with smaller fragments correlated with higher
heterogeneity (Supplementary Fig. 4A). We further examined the
components of the OXPHOS complex, including Atp7, Cox4, and Sdh4,
whose mRNAs are post-translationally localized to the mitochondrial
membrane and proteins are localized to cristae. These proteins formed
distinct puncta on the mitochondrial membrane and demonstrated
consistently high noise, independent of their expression levels (Sup-
plementary Fig. 4B-D and 5)).

Collectively, the results indicate that co-translational protein
localization consistently correlates with increased mitochondrial pro-
tein heterogeneity, which can be inhibited by increasing the tran-
scriptional level or limiting the co-translational protein delivery.

Discussion

Aging is associated with increased mitochondrial fragmentation and a
decline in mitochondrial function across many species. Here, we
report that the physical changes associated with mitochondrial frag-
mentation lead to heterogeneity in protein distribution due to mRNA
localization and co-translational protein delivery (Fig. 5A, B). Our two-
color fluorescent reporter gene analysis based on quantitative micro-
scopy shows that mitochondrial proteins, even components of the
same complex, are heterogeneously distributed to each mitochon-
drion in aged cells (Fig. 1). There is an increase in heterogeneity as
mitochondrial fragments become smaller. We observed that single-
molecule TIM50 mRNAs, which encode a co-translationally imported
protein, remain stably associated with mitochondria, which suggests
co-translational protein import may restrict protein production to
specific mitochondrial fragments (Fig. 2A-C). Using computational
modeling, we found that the generation of heterogeneity can largely
be explained by the stochastic nature of compartmentalization, and
co-translational protein delivery is the main contributor to the high
heterogeneity (Figs. 2D-H and 5C). The heterogeneity of protein dis-
tribution was increased in mitochondrial fusion deficient fzoIA but not
in the mitophagy deficient atg32A (Fig. 3). This indicates that cells
repress heterogeneity of protein distribution mainly by maintaining
mitochondrial fission-fusion reactions and not through the mitophagy
pathway. Lastly, we showed ways to reduce the noise level by either
increasing the transcriptional level or limiting co-translational protein
delivery (Fig. 4A-E, I).

We generally see highly complex mitochondrial networks main-
tained with mitochondrial fission and fusion dynamics across various
cell types and conditions®?. We showed that a large and dynamic
mitochondrial network structure, effectively forming a connected
compartment, reduces noise levels by mixing the components across
the mitochondrial network (Figs. 1G, 3C, F, I, L and 4B-E). In particular,
we found that mitochondrial fission and fusion reactions are essential
to reduce mitochondrial protein distribution noise generated by
mitochondrial fragmentation and co-translational protein delivery
(Fig. 3B-H). Our results suggest that when proteins do not form a
complex, the heterogeneity in a single mitochondrial fragment can be
substantially higher than when the proteins are part of the same
complex (Fig. 3C-I). This suggests that there may be pathways that
inhibit protein heterogeneity of proteins forming complexes, such as
protein degradation of excess subunits®*. While this study did not show
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Fig. 4 | Co-translational protein delivery regulates protein composition. A The
noise of protein distribution with variable copy numbers (1x, 2x, 3x) of GFP-tagged
Tim50 integration plasmid in fzoIA strain (n>46). The results represent the
mean * standard deviation of three independent experiments (P = 0.006 (1x - 3x)).
B-E, G Relationship between the noise of protein distribution and mitochondrial
size in A-D, and F. The noise value was calculated by dividing the population of
individual mitochondrial fragments into eight groups. Error bars represent the SEM
of three independent experiments. R squared values and p-values for the F statistic
hypothesis test are shown on the side. C Schematic representation of plasma
membrane tethering models. In plasma membrane tethering, MCP is bound to
CAAX (a ras protein family member). D The noise of protein distribution in plasma
membrane tethering (CAAX) of GFP-tagged Tim50 integration plasmid in fzoIA
strain (n>47). The results represent the mean + standard deviation of three

independent experiments (P = 0.002). F The noise of protein distribution of GFP-
tagged Tim50 upon CCCP treatment in WT (No drug), 10 min, and 30 min (n > 64).
The results represent the mean + standard deviation of three independent experi-
ments. H RNA expression from previously published studies normalized to TIM50
mRNA expression (# not available). I The noise of protein distribution of GFP-
tagged proteins. Green bar represents co-translationally localized mitochondrial
proteins. Orange bar represents post-translationally localized mitochondrial pro-
teins (n > 40). Each co-translationally localized protein was compared to both post-
translationally localized controls (Pdx1 and Rsm7) (Tim50 (P=0.02 and 0.009),
Mia40 (P =0.01 and 0.03), DId1 (P = 0.01 and 0.0007), Cox15 (P=0.009 and 0.02).
Statistical significance was assessed using the two-tailed Student’s ¢ test for D and
two-tailed Anova followed by t-test for pairwise comparison for A-F and 1. Source
data are provided as a Source Data file.

a significant influence of the mitophagy pathway, the heterogeneity of
the protein distribution throughout mitochondria (Fig. 3E-K), regula-
tion of protein production, and protein degradation may also con-
tribute to more exact stoichiometries™*.

Early observations of inducible fragmentation due to loss of Fzol
function revealed that long-term fragmentation leads to loss of mtDNA
and membrane potential; however, these phenotypes are not apparent

immediately after fragmentation®. This suggests that structural frag-
mentation alone does not drive mitochondrial dysfunction but is
caused by processes that occur over extended periods. As reported
here, the nuclear-encoded mRNA noise-driven heterogeneity is a dis-
tinct proposal from stochasticity in mtDNA or mitophagy controlling
heterogeneity and downstream dysfunction. Our observation indicates
that co-translational protein targeting plays a significant role in
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Fig. 5 | Mitochondrial fragmentation causes heterogeneity in protein dis-
tribution via mRNA localization and co-translational protein delivery. A A
schematic model description of different protein delivery mechanisms. Co-
translational protein delivery increases protein distribution heterogeneity, while
post-translational delivery reduces the noise in protein distribution. B Aged cells
with fragmented mitochondria show higher noise, while young cells with tubular
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network mitochondrial structure show lower noise. C A schematic model
description of mitochondrial protein distribution. Upon co-translational protein
delivery, mitochondrial size influences stochastic mRNA localization. An increase in
mitochondrial fission-fusion rates or mRNA production rates will each indepen-
dently reduce protein distribution noise.

generating protein heterogeneity. Even a slight initiation of mitochon-
drial fragmentation can have noticeable consequences due to the lim-
ited number of mMRNA copy numbers compared to mtDNAs. From ~25%
to over 50% of nuclear-encoded mitochondrial mRNAs are localized to
the mitochondria across both fermentative and respiratory
conditions®***’, With >100 mRNAs being localized even in fermentative
conditions, the associated heterogeneity in protein expression due to
co-translational insertion could be a strong driver of mitochondrial
dysfunction as individual mitochondria deviate from the optimal stoi-
chiometry of mitochondrial protein complexes. These postulate that
overall mitochondrial dysfunction is introduced not only by mtDNA and
mitophagy but also by co-translational protein targeting, which accel-
erates the dysfunction. Research is underway to better describe how
mitochondrial fragmentation and co-translational protein import
impact mitochondrial proteostasis. Elucidating the genetic regulatory
mechanisms governing co-translational protein import and identifying
potential inhibitors of this process are essential for advancing this
research frontier. As many human diseases and aging are associated
with mitochondrial dysfunction, it is also necessary to determine whe-
ther there is a similar association between the degree of mitochondrial
fragmentation and mitochondrial protein heterogeneity in human cells.
Further studies focusing on this molecular mechanism could contribute
to treating mitochondria-related diseases.

Methods
Yeast strains and plasmids
The yeast strains and plasmids used are listed in Supplementary Table 1,
and the oligonucleotides used for plasmid construction and gene
modification are listed in Supplementary Table 2. To reduce variability
among the constructed yeast strains, the strains were created either
through the integration of a linear PCR product or a plasmid linearized
through restriction digest. Tim50-GFP was expressed by TIM50 pro-
moter from integrated plasmid TTP155. The copy number of integrated
plasmids in a cell were tested through microscopy screening, and the
strains with one copy of integration were used for all the experiments
except Fig. 4. Fluorescent protein tagging for TIM23 was performed with
PCR-mediated homologous recombination using pFA6a-link-
yomCherry-SpHis5*® and integrations were confirmed by PCR.
Su9-mCherry was expressed by TDH3 promoter from integrated
plasmid TTPO76, and the strains with three copies of integrated plas-
mids in a cell were screened through microscopy and used for further
experiments. Fluorescent protein tagging for other proteins used in
the study including Mia40, DId1, Cox15, pdxl, Rsm7, Atp7, Cox4, and
Sdh4 was performed with PCR-mediated homologous recombination

using pFA6a-link-yoEGFP-CaURA3, and integrations were confirmed by
microscopy®. Deletion mutant strains were constructed with PCR-
mediated homologous recombination using pFA6a-hphMX6*°, and
integrations were confirmed by PCR. Plasma membrane anchor MCP-
iRFP-CaaX (TTP223) was constructed by swapping the GFP of TTP167
with the iRFP of TTP145 through the combination of Gibson assembly
and PCR*'. The strains expressing MCP-iRFP-CaaX from two sets of
integrated plasmids were selected through microscopy screening and
used for further experiments.

Microscopy

Image data for C-terminal integrated fluorescent proteins were col-
lected as follows: Yeast cells were grown in the YPAD (YPA medium
containing 2% glucose) with a 15 ml glass tube at 30 °C with rotator
speeds of 60rpm. 100 pl of mid-log phase wild-type yeast cells
(OD600 of 0.4-0.7) were harvested and placed into a 96-well Glass
Bottom Plate (Cellvis LLC) coated with 0.1mg/mL concanavalin A
(Sigma-Aldrich C2010). For the aging experiment, we used mother
enrichment program (MEP) strains, which were controlled by the
addition of estradiol (final | pM) (Sigma-Aldrich E2758). Cells were
imaged at 23 °C with 3-second intervals by an Eclipse Ti2-E Spinning
Disk Confocal with Yokogawa CSU-X1 (Yokogawa) with 50 um pin-
holes, located at the Nikon Imaging Center UCSD. Imaging was per-
formed using SR HP APO TIRF 100 x1.49 NA oil objective with the
correction collar set manually for each experiment (pixel size
0.0936 um). Z-stacks (200 nm steps) were acquired by a Prime 95B
sCMOS camera (Photometrics). Imaging was controlled using NIS-
Elements software (Nikon). Image data for Fig. 3D-F, 4F, G, and 41 were
imaged at 23°C by an Eclipse Ti2-E Spinning Disk Confocal with
Yokogawa CSU-W1 (Yokogawa) with 50 um pinholes, located at the
Tsinghua-SIGS Tsuboi Laboratory. Imaging was performed using CFI
Plan Apochromat Lambda 100x149 NA oil objective. Z-stacks
(200 nm steps) were acquired by a Prime 95B sCMOS camera (Photo-
metrics) (pixel size 0.11um). Imaging was controlled using NIS-
Elements software (Nikon). Single-molecule mRNA visualization with
mitochondria was performed as follows: Yeast cells were grown in the
YPAD with a 15 ml glass tube at 30 °C with rotator speeds of 60 rpm.
300 pl of mid-log phase wild-type yeast cells (OD600 of 0.4-0.7),
grown in an appropriate medium, were harvested and placed into a
Y04C microfluidic chamber controlled by the CellASIC Onix system.
300 pl YPAD were put into the flow-wells, the chambers were loaded
with cells at 3 psi, and the medium continuously flowed at 3 psi. Cells
were imaged at 30 °C with a Yokogawa CSU-X1 Spinning Disk Confocal
(Solamere Technology Group) mounted on a Nikon Eclipse Ti chassis
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motorized inverted microscope located at the Department of Devel-
opmental & Cell Biology UCI. Imaging was performed using a 100x/
1.49 NA oil APO TIRF objective with the correction collar set manually
for each experiment and a 1x tube lens (pixel size 0.084 pm). Z-stacks
(300 nm steps) were acquired in the fluorescent channel (33 ms
exposure) on a Hamamatsu electron-multiplying charge-coupled
device (EMCCD) camera. Imaging was controlled using MicroManager
ImageAcquisition (v1.4.16). The experiments for Figs. 3G-1, 4A, B, and
4D, E were conducted on the same day.

Quantification of protein expression in each mitochondrion
from image data

The expression level of GFP-tagged mitochondrially localized proteins
was quantified using a custom analysis pipeline, as depicted in Sup-
plementary Fig. 1. The MitoGraph 3.1 software was applied to the
mCherry channel to segment the mitochondria morphology, and the
resulting 3D binary mask was then used to segment the GFP and
mCherry channels of individual mitochondria (available at https://
github.com/vianamp/MitoGraph). “Find Connected Regions” (Image)
Plugin) was used to identify each individual mitochondrial fragment in
the network. The sum of the intensity of the GFP and mCherry channel
covered by a 3D binary mask from each mitochondrion was measured
using a custom ImageJ script. The scripts, along with their require-
ments and usage instructions, can be accessed at https://github.com/
khan-ah. The protein expression levels in different conditions are
summarized in Supplementary Fig. 5.

The increased Tim50/Tim23 signal heterogeneity in fragmented
mitochondria can result from different size and shape distributions of
mitochondria in fused vs fragmented phenotypes. To address this, we
generated a dataset by selecting the larger mitochondrial fragments
(portion of mitochondria >0.50) and measuring the intensities of
portions on each slice individually i.e., smaller portions of mitochon-
dria. The noise observed in those smaller ROIs was not significantly
different than that of larger fragments in neither old compared to
young (Supplementary Fig. 6A) nor fzoIA compared to WT strains
(Supplementary Fig. 6C). Consistently, mean noise also showed no
significant difference (Supplementary Fig. 6B-D). The results suggest
that the increased noise in age-associated fragmentation is not the
consequence of measurement stochasticity. Raw data for these
experiments can be found in Supplementary Data 1.

Reconstruction of 3D mitochondria and mRNA visualization

To allow accurate visualization of mRNA molecules, multiple MS2 stem-
loops are inserted in the 3-UTR of the mRNA of interest and are
recognized by the MCP-GFP fusion protein®>®, We improved this sys-
tem by titrating the MCP-GFP levels until we observed single-molecule
mRNA foci**. We then performed rapid 3D live cell imaging using
spinning disk confocal microscopy. We reconstructed and analyzed the
spatial relationship between the mRNAs and mitochondria using
the custom ImageJ plugin Trackmate®® and MitoGraph V2.0**¢¢*, We
measured the distance between mRNA and mitochondria by finding
the closest meshed surface area of the mitochondria matrix*. The code
used for the analysis is available from https://github.com/tsuboitat.

mRNA production and protein delivery noise modeling
If mRNA is produced at a constant rate, the number of mRNA produced
over a generation time period will be Poisson-distributed. With a TIM50
mRNA copy number of approximately six** and a lifetime of approxi-
mately 10 min*®, 54 mRNAs will be produced on average in a 90-min
generation. Poisson-distributed processes have an equal mean and
variance, such that the coefficient of variation is the inverse square
root of the mean of 54 or a coefficient of variation of 0.14 for isolated
mRNA production noise.

Bursty transcription could lead to the same number of mRNA
being produced over fewer distinct mRNA production events, leading

to greater stochasticity in mRNA and downstream protein production.
Experiments suggest that few yeast genes exhibit bursty
transcription®’. Experiments show that GALIO yeast genes have a mean
burst size of two transcripts*®. Although we are not aware of TIM50
transcription burst size measurements, if TIM50 similarly had a burst
size of two transcripts, then we would expect the coefficient of varia-
tion to increase to approximately 0.19.

For isolated protein delivery noise, we consider proteins delivered
to mitochondria in Nge delivery events, with each mitochondrion
selected with a probability proportional to the mitochondrial size.
With the mitochondrial size that is a fraction f of the total mitochon-
drial size in the cell, then for Poisson-distributed delivery events, a
mitochondrion will have a mean and variance of fNg4 delivery events,
and thus a fractional size f-dependent coefficient of variation of
(fNge)) ™2 If each mRNA docks at one mitochondrion and delivers all its
translated proteins to that mitochondrion, then the size-dependent
coefficient of variation over a generation is (fNge) 2= (54 f)2. For
mRNA that does not dock at a mitochondrion, each translated protein
stochastically selects a mitochondrion proportional to its size, with the
copy number of 4000 Tim50 proteins”, each generation the coeffi-
cient of variation is (fNge) 2 = (4000 f) ™2

In silico experiment (stochastic simulation)

mRNA production and decay, protein production and decay, mito-
chondrial fusion, and cell division are all stochastically simulated for
two mitochondria, one of fractional size f and the other with fractional
size 1-f, with the Gillespie algorithm®>®, Two mitochondria are the
mean number of connected components in yeast mitochondrial
networks®’. With TIM50 mRNA copy number of approximately 5** and
mRNA lifetime of approximately 10 min*¢, then mRNA is produced at
the rate of 5/lifetime, and each mRNA decays at the rate of 1/lifetime.
Proteins are produced at a rate of 0.13/s per TIM50 mRNA, corre-
sponding to the rate at which 4000 proteins will typically be present
immediately prior to division and similar to an earlier estimate of the
rate of TIMS0 translation initiation of 0.126/s°®. Each protein decays at
a rate of 1/7200 per second, corresponding to a 2-h lifetime®. For the
model of co-translational protein delivery to mitochondria, mRNA
selects a mitochondrion when produced and delivers all proteins to
that mitochondrion. For post-translational protein delivery to mito-
chondria, a mitochondrion for the protein to be delivered is selected
for each protein produced. Mitochondrial fusion is represented in the
model by events that equalize mitochondrial protein concentrations
across mitochondria, occurring at a certain rate. We explore fusion
event rates of zero and the range of 107**-10>/s, similar to experi-
mentally estimated mitochondrial fusion rates®’°”, Cell division is
implemented by instantly halving the protein numbers in each mito-
chondrion every generation period of 90 min. Data shown in Fig. 2E-G
is after simulating for ten generations.

We also simulated mRNA production and decay, protein pro-
duction and decay, mitochondrial fusion, and cell division on dynamic
mitochondrial networks by modifying the quantitative model descri-
bed by Sukhorukov et al.’’, for 30 mitochondrial fragments. Fused
mitochondrial fragments share proteins to equalize their protein
concentration. For the medium fusion case of Supplementary Fig. 3A,
we used a fission rate of 10~s™ for each end-to-end fused connection
of two mitochondrial fragments and a fission rate of 1.5 x1073s™ for
each end-to-side connection of three mitochondrial fragments, align-
ing with the two-fragment model and experimental fusion rates. The
end-to-end and end-to-side fusion rates of the model were then chosen
to be 10°s™ and 5 x10™*s™ per available fragment pair to provide a
range of connected mitochondrial sizes. The 30-fragment model data
for protein concentration noise vs portion of mitochondria is very
similar to the two-fragment model for variation in fusion and fission
rates. As the low and high fusion rate data in Supplementary Fig. 3A has
all fission and fusion rates multiplied by 10 and 10°%, respectively,
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the network connectivity is unchanged between low, medium, and
high fusion rates. In Supplementary Fig. 3B, we varied the balance
between fusion and fission rates by changing fusion rates, which alters
the mitochondrial network connectivity, finding that less-connected
networks yielded higher protein concentration noise, particularly for
smaller mitochondria - this result aligns with the higher noise seen in
older cells with more fragmented mitochondrial networks and in cells
with mitochondrial fusion defects. Supplementary Fig. 3B used the
parameters of medium fission-fusion rate from Supplementary Fig. 3A
for medium fragmentation, with low fragmentation increasing both
end-to-end and end-to-side fusion rates by a factor 2 and high and
higher fragmentation decreasing fusion rates by factors of 2 and 4,
respectively. In Supplementary Fig. 3C, we varied the mitochondrial
network connectivity by changing fission rates, finding that more- or
less-connected mitochondrial networks had quite similar protein
concentration noise, even for smaller mitochondria, which does not
align with the higher noise seen in older cells or cells with mitochon-
drial fusion defects. Supplementary Fig. 3C used the parameters of
medium fission-fusion rate from Supplementary Fig. 3A for medium
fragmentation, with low fragmentation decreasing end-to-end and
end-to-side fission rates by a factor 2 and high and higher fragmenta-
tion increasing fission rates by factors of 2 and 4, respectively. These
results suggest that the mitochondrial networks of older cells become
fragmented through less fusion rather than more fission.

Statistics and reproducibility

Graphs and statistical analyses were performed using R (4.3.3). No
statistical method was used to predetermine sample size. Outliers in
datasets were assessed and excluded using Grubbs’ test. Values are
expressed as means + SD for three independent experiments data and
as means + SEM for all the other scenarios. Differences between values
were examined using the two-tailed Mann-Whitney test, Student’s ¢
test, and Anova followed by ¢-test for pairwise comparison and are
specified in the figure legends. Values were considered significant
at P<0.05.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All data supporting the findings of this study are available within the
paper and its supplementary information. All the raw and generated in
this study are provided in the Supplementary Information/Source Data
file (Supplementary Data 1). Further information and requests for
resources, scripts, and reagents should be directed to and will be ful-
filled by the lead contact, T.T. (ttsuboi@sz.tsinghua.edu.cn). Source
data are provided with this paper.

Code availability

The code for analyzing the intensity of mitochondrial fragments is
available at https://github.com/khan-ah. The code for the stochastic
modeling of protein distribution noise and mitochondrial size under
different protein import mechanisms, mRNA production rates, protein
production rates, and fission-fusion rate is available at https://github.
com/aidanbrowntmu/mitoheterogeneity. The code for MitoGraph is
available at https://github.com/vianamp/MitoGraph. The code for
measuring the distance between single particles in 3D is available at
https://github.com/tsuboitat.
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