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Post-transcriptional control of mitochondrial protein
composition in changing environmental conditions

Tatsuhisa Tsuboil”, Jordan Leffl, Brian M. Zidl”*

1Department of Chemistry and Biochemistry, University of California San Diego, La Jolla, CA
92023-0358, USA.

Abstract

In fluctuating environmental conditions, organisms must modulate their bioenergetic production in
order to maintain cellular homeostasis for optimal fitness. Mitochondria are hubs for metabolite
and energy generation. Mitochondria are also highly dynamic in their function: modulating their
composition, size, density, and the network-like architecture in relation to the metabolic demands
of the cell. Here, we review the recent research on the post-transcriptional regulation of
mitochondrial composition focusing on mMRNA localization, mMRNA translation, protein import,
and the role that dynamic mitochondrial structure may have on these gene expression processes.
As mitochondrial structure and function has been shown to be very important for age-related
processes, including cancer, metabolic disorders, and neurodegeneration, understanding how
mitochondrial composition can be affected in fluctuating conditions can lead to new therapeutic
directions to pursue.
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Introduction

Mitochondria are eukaryotic organelles of symbiotic origin that are important for many
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cellular functions including oxidative phosphorylation, ROS generation, the biosynthesis of
amino acids, iron-sulfur clusters and heme. Over the approximately 2 billion years since the
initial symbiosis, mitochondria have lost the majority of their genes to the nuclear-genome,
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yet a small number are still encoded by mitochondrial DNA (1). While mitochondria are
colloquially referred to as “the powerhouse of the cell”, because of their ability to produce
the energy currency ATP through respiration, a more apt description may be the
“powerhouse of certain cell types under certain conditions”, as oxidative phosphorylation is
not the primary source of ATP generation in many conditions and cell types. For example,
many cancer cells repress mitochondrial oxidative phosphorylation and generate ATP almost
exclusively through glycolytic flux (2). Similarly many yeast, including Sacchacromyces
cerevisiae, are Crabtree-positive in that they will use fermentation even in the presence of
oxygen as the primary source of ATP generation (3). In these cells, while mitochondria are
essential organelles in all conditions, oxidative phosphorylation is non-essential in certain
conditions as cells are able to grow in glucose media even if they have lost their
mitochondrial DNA, because they are able to obtain ATP through aerobic glycolysis (4). In
other conditions such as non-fermentable carbon sources, the ability to respire is a
requirement for optimal growth, so cells and mitochondria must rapidly adjust their
bioenergetic capabilities to fit the current environment.

Proteomic studies show that there are large shifts in mitochondrial composition as the
structure and function of mitochondria change. While the importance of transcriptional
control in these mitochondrial functional changes have been explored and reviewed (5-7),
post-transcriptional regulation is another important layer of regulation in the how
mitochondria properly adjust their composition to the metabolic needs of the cell.
Intriguingly, changing mitochondrial structure may also directly impact post-transcriptional
steps of gene regulation. As abnormalities in mitochondrial structure and function have been
identified as key pathological components of aging and disease (8-10), it is imperative to
fully understand the mechanisms of mitochondrial control (Figure 1). In this review we
discuss the impact of dynamic conditions on the structure, function, and composition of
mitochondria, focusing on the impact of post-transcriptional regulation.

Cells control mitochondrial size and morphology according to cellular

environment

Mitochondrial architecture is highly dynamic as these organelles can modulate their
morphology through fission and fusion as well as their overall size through biogenesis and
mitophagy. Mitochondria size and morphology are known to correlate with the metabolic
function of the cell and disease phenotypes (Figure 1) with fusion and biogenesis known to
be important for OXPHOS activity.(Reviewed in (8-11). Morphological control is governed
by fission and fusion proteins, and once this balanced regulation is altered by external or
internal signals, the morphology changes to either a hyperfused or super-fragmented
structure (8,10,12). For example when yeast cells are grown in non-fermentable carbon
sources they have a large expansion of their mitochondria leading to a highly branched
mitochondrial network (13,14). Similarly, forcing cancer cells to switch their metabolism
towards respiration through growth in galactose also drives elongated mitochondria in
human cells (15). It has been proposed that elongated mitochondria lead to increased
bioenergetics efficiency of oxidative phosphorylation (16). This fits with the observation that
during nutrient starvation, when efficient metabolism is essential for survival, mitochondrial
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also become highly interconnected, forming long tubular networks (17,18). Along with
potentially driving more efficient oxidative phosphorylation, expansion of a tubular network
of mitochondria has also been found to protect mitochondria from nutrient deprivation
induced autophagic degradation (17,18).

While elongated mitochondrial morphology is associated with increased ATP production
and efficient oxidative phosphorylation, mitochondrial fragmentation is associated with
variety of pathological states including aging, neurodegenerative dieseases, and metabolic
diseases such as diabetes and insulin resistance (19-22). In S. cerevisiae mitochondrial
fragmentation is an early event in the aging process (23) and inhibiting fission has been
found to extend lifespan (24). Similarly, in C. elegansand D. melanogaster increased
mitochondrial fusion is associated with extended lifespan (25,26). In mammalian cells high
levels of mitochondrial fission activity are associated with high proliferation and
invasiveness in some cancer cells (27). Also mutations in fusion proteins such as Mfn1/2 and
Opal in mice lead to neurodegeneration, developmental delay, and further embryonic
lethality (10,28). Future studies will be needed to help elucidate the drivers of these changes
in mitochondrial morphology, whether it is changing metabolic regulation during aging or a
general loss of homeostasis, as well as the direct pathological impact these changes in
morphology have.

While mitochondrial fission and fusion are important to mitochondrial dynamics,
mitochondria can also change their overall size/volume, dominated by alterations in
mitochondrial biogenesis. In yeast, the HAP complex is known to play an important role in
the transcriptional upregulation of mitochondrial biogenesis upon a shift to non-fermentable
carbon sources (29). In mammalian cells PGC-1a is a key co-transcriptional regulatory
factor in the regulation of mitochondrial biogenesis (Reviewed in (30)). This size control is
well quantified in yeast cells (13,31) and also observed in human cell culture supplemented
with ethanol (32), or cells grown in galactose (15). When it comes to estimating the
mitochondrial activity of a cell or tissue, it is important to take into consideration what
fraction of the cell or tissue volume can actually be occupied by enzymes and mitochondria.
While mitochondrial volume fraction differs depending on the definition in each study,
mitochondrial volume fraction varies from 1% to 14% during fermentative and respiratory
conditions in S. cerevisiae (31), and varies from 5% to 25% for human tissues (Table 1) (33—
36). This volume fraction is regulated through the changing of both cellular and
mitochondrial volume such that in respiratory conditions, cellular volume decreases 1.5-fold
and mitochondrial volume increases 1.4-fold, relative to fermentative conditions in yeast.
These changes lead to a roughly 2-fold increase in mitochondrial volume fraction (31). It is
also reported that there are unconventional morphological changes which do not involve
fission and fusion proteins (37). Together, mitochondrial size and morphology have the
potential to help regulate cell metabolism to adapt to the cellular environment (Reviewed in

(11)).

Mitochondria show large compositional changes across conditions

Structural changes to mitochondria in response to stimuli are accompanied by changes in the
function and composition of mitochondria. Mitochondria contain over 1,000 distinct proteins
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that encode for a still expanding number of functions (38-40). While the ability to produce
ATP through oxidative phosphorylation is a key function of mitochondria, respiration is
actually repressed in many conditions and cell types (2,3). Other mitochondrial functions
include maintaining ion homeostasis and biosynthetic production of lipids, proteins,
nucleotides, and Fe-S(iron-sulfur) clusters. Mitochondria also play active roles integrating
signaling pathways in response to nutrients and a variety of stressors (41).

There have been a number of studies that have systematically explored the quantity of
mitochondrial proteins present across shifting nutrient conditions (39,40,42). In yeast,
shifting cells from glucose (fermentation) to glycerol (respiration) causes an expansion of
the mitochondria, but all proteins did not change proportionally. While overall mitochondrial
mass increases about 2-fold in respiratory conditions, overall energy-related processes
increase more than 3-fold, while respiratory complexes increase almost 4-fold (31,39).
Interestingly, essential processes such as the biosynthesis of Fe-S clusters and protein import
have little change in abundance from glucose to glycerol when the overall mitochondrial
protein content doubles (39). The impact this may have on protein import is discussed
further below. Similar changes in mitochondrial composition were found as yeast naturally
transition from fermenting glucose, to the diauxic shift after glucose supplies are exhausted
and cells need to alter their metabolism, to the respiratory phase where yeast consume the
ethanol previously produced as a byproduct of fermentation. During the diauxic shift there is
a transition in mitochondrial composition from biosynthetic processes to energy-related
processes, with only a slight further upregulation of energy-related processes once the cell
has completely shifted to respiratory metabolism (42). There are also significant changes in
structural proteins as the metabolic state shifts, driven by a decrease in fission proteins
which may underlie some of the previous structural changes that take place in different
metabolic states. Overall, these findings support a changing function for mitochondria
depending on the metabolic needs of the cell. During times of fast growth, mitochondria are
used for the biosynthesis of important building blocks for proliferation as well as common
processes necessary in all conditions like Fe-S cluster generation. But mitochondria can also
transition their composition to be the primary source for energy production within the cell.

Mitochondrial proteins can be imported post- and co-translationally

Of the approximately 1000 proteins found in mitochondria, only 8 in yeast and 13 in humans
are encoded from mitochondrial DNA(1). Therefore, the vast majority of necessary nuclear-
encoded proteins must be translated in the cytosol and imported to the mitochondria. There
are currently two methods proposed for the creation, transportation, and subsequent import
of mitochondrial proteins — a co-translational pathway and a non-co-translational pathway.
Until fairly recently, the most popular theory is that mitochondrial proteins are translated in
the cytosol and then translocated and imported to the inner membrane, intermembrane space,
or outer membrane to serve their intended purpose.

While post-translational import is a well characterized and widely accepted mechanism, it is
a complex sequence of events that we aim to briefly summarize. In order for these proteins
to enter the mitochondria, they must first interact with the Translocase of the Outer
Membrane (TOM) complex. This complex includes protein receptors Tom20 which
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recognizes an N-terminal mitochondrial targeting signal (MTS) of pre-proteins, and Tom70
which recognizes hydrophobic pre-proteins containing internal signals. Cytosolic
chaperones, such as Hsp70 (heat shock protein 70), play a role in stabilizing the pre-protein
and guiding it toward the TOM complex (43). Recently, it has been shown that DnaJ-like
protein, Djpl, acts as a chaperone for MTSs in the initial step of localizing proteins to
import machinery. (44,45). After recognition, the pre-protein travels through the outer
membrane-spanning translocase pore and begins interaction with various Translocase of the
Inner Membrane (TIM) complexes. Mitochondrial membrane potential is important for inner
membrane import, as a negative matrix-side potential drives pre-proteins with positively
charged MTSs toward the voltage-mediated TIM22 complex. Mitochondrial membrane
potential is sufficient to sort proteins to the mitochondrial inner membrane via the TIM22
complex, but pre-proteins destined for the mitochondrial matrix via a second translocon, the
TIM23 complex, require further aid.Mitochondrial Hsp70p (encoded by SSCZ in yeast,
HSPAJ in humans) binds to matrix side Tim44p to form an ATP driven motor that can
shuttle the pre-protein into the matrix, where it undergoes pre-sequence cleavage and further
folding in order to reach maturity (Reviewed in (46-48)).

One surprising finding from proteomics measurements under different metabolic states was
that the import proteins do not increase in abundance as yeast transition to respiratory
metabolism, and the mitochondrial surface area expands ~1.6 fold (from 48um? to 79um?)
(Figure 2A, B). This will lead to a decrease in the density of import machinery proteins as
the cell is actively importing more mitochondrial proteins (39). It is possible that conditional
changes may cause an alteration of protein import machinery architecture, thereby altering
the function and efficiency of the import complex in different conditions. The TOM complex
structure has been analyzed through cryo-EM and it has been reported that the complex
shows dimeric to tetrameric structures (49-55). Most of the complex purification was
conducted in fermentative conditions (for Neurospora crassa, 2% sucrose, for S. cerevisiae
2% glucose) in which a trimeric complex was seen. Interestingly, when the complex was
purified from respiratory conditions (S. cerevisiae 2% ethanol and 3% glycerol), the TOM
complex was observed as dimeric structure (49) (Figure 2C).

In contrast to the well-defined model of post-translational import, the co-translational model
of importing a protein that is being synthesized at the outer mitochondrial membrane is a
relatively new idea. This process utilizes the nascent chain associated complex (NAC), a
heterodimeric protein which associates with ribosome nascent chain complexes (RNCs),
consisting of a nascent polypeptide chain with its C terminus still attached to its translating
ribosome. NAC binds to ribosomes near the protein exit tunnel and has been shown to target
ribosomes to the mitochondria. Eliminating NAC and Mft52p, a cytosolic targeting factor
that further helps it localize to the mitochondria, is shown to lead to mitochondrial defects,
loss of mitochondrial DNA, and disturbance of organelle morphology, suggesting that NAC
is essential to mitochondria biogenesis (56), While the receptor for NAC was unknown for
quite a while, a 2014 study identified outer mitochondrial membrane protein OM14 as a
NAC receptor, as well as an important factor for co-translational import (57) (Figure 3).

An even more recent study, in which yeast mitochondria were purified from cells treated
with magnesium ions and cycloheximide (CHX)-- in order to stabilize RNCs, and stall the

Biochem Soc Trans. Author manuscript; available in PMC 2021 May 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tsuboi et al.

Page 6

ribosomes, respectively-- was able to visualize ribosomes bound to the outer mitochondrial
membrane through electron cryo-tomography (cryoET). Furthermore, these ribosomes were
oriented such that the polypeptide exit tunnel points toward the outer membrane, suggesting
that the nascent chains will be imported to the mitochondria as they emerge from the
ribosome. The association between ribosomes and the TOM complex was seen to be
reversible with release of nascent chains from the ribosome, strongly suggesting that
mitochondrial imports are occurring as these ribosomes locally synthesize proteins (58).

MRNA localization to the mitochondria

Asymmetric localization of mMRNAs within the cell is a means of regulating gene expression
in space and time used by various organisms (59). Functions of mMRNA localization to the
targeted area of the encoded protein include the regulation of further protein synthesis, aid in
the assembly of organelle complexes, and specific localized function of proteins. It is also
speculated that by restricting translation to the target site, the cell is also able to save energy
that would otherwise be spent on the active transport of large proteins along the cytoskeleton
(60). Localization of mRNAs can also allow for a quickened production of proteins that are
necessary to keep up with the constantly changing conditions of the cell, and local
translation reduces the risks of unwanted interactions or folding as the protein travels from
the cytosol to its final destination.

Localization that occurs before an mMRNA is translated into a protein is dependent on RNA
binding proteins (RBPs) which recognize and bind to a specific portion of the mRNA’s
sequence, known as a zip code. In many examples the mMRNA is held in a translationally
inactive state until it reaches its target destination, in which case it is able to begin
translation of its encoded protein (61). Alternatively, mRNA localization can be dependent
on nascent peptide tethering the entire mMRNA-ribosome-nascent protein chain complex to
the region of localization (Figure 3). Different translational inhibitors can be used to
distinguish between these two mechanisms of localization. If the localization is driven by
RBPs then the translational inhibitor puromycin, which dissociates the nascent peptide from
the mRNA, should not affect localization, while it should inhibit localization of co-
translationally localized mRNAs. CHX, which stalls translation elongation and preserves the
mRNA-ribosome-nascent protein chain complex, can increase the localization of co-
translationally localized mMRNAs.

A number of experiments have investigated nuclear-encoded mRNA localization to the
mitochondrial outer membrane at both a global and gene specific level across diverse
organisms (62—-68). These experiments have found that 100s of mRNAs localize to the
OMM and that this localization can proceed through both a puromycin insensitive and
sensitive manner in both yeast and mammals (63,66). It has been found that mitochondrially
localized mRNAs are more likely to be conserved mRNAs and mRNAs whose proteins
reside in the inner membrane (68,69). Translation duration has also been found to be an
important factor in localizing mMRNAs to the mitochondrial membrane, as longer ORFs are
more likely to localize to the OMM and ribosome stalling can increase mitochondrial
mRNA localization (31,69). In both yeast and mammalian cells, CHX can increase the
mitochondrial localization of a subset of MRNAs (Figure 4) (66,68). Translation duration is
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thought to be important because nascent polypeptide chains contribute to mRNA localization
to the mitochondria. Certain polypeptides have been found to contain an N-terminal MTS
that is sufficient to direct the newly synthesized protein to the mitochondria, and is cleaved
once localization is complete, similar to that of secreted proteins. This signal is recognized
by TOM complex, which, as previously described, is the initial contact point for
mitochondrial protein import. It is suggested that the association of nascent polypeptides
with these receptors leads to an enrichment of mMRNAs encoding for mitochondrial proteins
at the outer membrane. Deletion of Tom20, a key subunit of the TOM complex, has been
shown to decrease mitochondrial association of many mRNAs that are known to normally
localize to the mitochondria, suggesting that this protein receptor plays an important role in
anchoring mRNASs as they are being translated (70).

Mitochondrial mRNA localization promotes translation

Translation is important for the localization of many mRNAs to the mitochondria, but recent
research has pointed to localization to the mitochondria potentially reciprocally impacting
translation. In Drosophilaand mammalian cells it was shown that certain oxidative
phosphorylation mMRNAs are repressed translationally until they are localized to OMM
where they are translationally activated by PINKZ1/Parkin (67). Disruption of components of
the TIM/TOM complex further amplified the effects of PINK1 mutation on mRNA
localization to the mitochondria, showing that localization is linked to co-translational
import of proteins. It has also been found in flies that the human AKAP1 homolog MDI
(mitochondrial DNA insufficient) can recruit the La-related protein (Larp), an RNA-binding
protein, to the OMM and that this complex promotes the selective translation of nuclear-
encoded mitochondrial proteins at the OMM (71). Interestingly in yeast the Larp homologs,
SIf1 and Sro9, have been found to bind large numbers of nuclear-encoded mitochondrial
MRNAs (72) and overexpression of SLF1 leads to increased respiration and extended
lifespan (73). In yeast it has been found that forced localization of a cytoplasmic reporter to
the OMM through MS2 tethering leads to large increases in protein synthesis as well as
increased ribosome engagement (31). The mechanism of this increased protein synthesis
from mRNA localization to the OMM will be an important future direction to understand.

MRNA decay impacts mitochondrial gene expression

While mRNA level changes are generally ascribed to transcriptional regulation, mRNA
decay also plays an important and understudied role in modulating the transcriptome.
Mitochondria may rely on mRNA decay regulation more than other cellular functions during
changing environmental conditions. In yeast, it was found that mRNA levels for respiration
and mitochondria-related genes are inversely correlated to growth rate across many diverse
perturbations and that this is primarily impacted by changes in mRNA stability (74). This
differed from functions such as translational control, which is primarily regulated at the level
of transcription. Changes in mRNA decay have been shown to be directly important for
altering mRNA levels of the oxidative phosphorylation mMRNAs SDHZ and SDHZin
changing nutrient conditions (75). When yeast cells switch from a non-fermentable carbon
source to glucose, SDHI1 and SDHZhave a dramatic reduction in their mRNA half-lives,
with the 5’UTR playing an important role in SDHZ2’s glucose-dependent mRNA decay.
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RBPs that bind a large number of nuclear-encoded mitochondrial proteins also impact
mRNA decay (76,77). Interestingly, mMRNA decay can also be directly affected by the
proximity of mRNAs to the mitochondria. A significant increase in mRNA levels was found
when mRNAs were tethered to the OMM, relative to mRNAs under identical promoters that
were untethered to the mitochondria (31). Similarly removing a translation elongation stall,
which decreases mMRNA localization to the mitochondria, also drove a decrease in mMRNA
levels relative to an otherwise identical reporter mRNA (31). These data point to the
importance of post-transcriptional regulation on impacting mitochondrial composition
across growth rates and nutrient conditions.

Multifunctional RNA-binding proteins

RBPs have been found to have roles that link the interconnected processes of mMRNA decay,
translation, and mRNA localization with the metabolic state of the cell for nuclear-encoded
mitochondrial mMRNAs. The RBP, Puf3 is a well-known pumilio family RBP, conserved from
yeast to humans, that binds to hundreds of mMRNASs, mostly encoding proteins that support
mitochondrial protein import, mitochondrial transcription and translation, and oxidative
phosphorylation assembly(78,79). Puf3 is notable in that different carbon sources will have
varying effects on Puf3’s ability to stimulate mRNA decay or promote translation of its
target transcripts. Wild type yeast cells grown in ethanol or raffinose based medias exhibited
stabilization of nuclear-encoded mitochondrial protein mRNAS that were similar to a puf3A
strain grown in respective media, indicating that these non-fermentable sugar conditions
fully inhibit Puf3’s ability to decay mRNA. Galactose-based media showed a significant
inhibition of Puf3 mediated mMRNA decay, but not complete inhibition (80). Furthermore, it
was found that switching cells from a non-fermentable carbon source to a media containing
glucose, and vice versa, could rapidly activate or inactivate Puf3 activity within 2 minutes.
This indicates that Puf3’s mRNA decay capabilities are strongly based on available carbon
sources, and likely stabilizes mMRNA of mitochondrial proteins during respiratory conditions,
as this is when functional mitochondria are most essential for cell growth (80). Further
studies showed that upon glucose depletion, Puf3 is phosphorylated and begins to associate
with actively translating ribosomes, promoting translation of its target mMRNAs instead of
deadenylation in order to support the need for increased mitochondrial biogenesis (81)

The condition dependent action of Puf3 was further explored in a study that looked at yeast
cells in which both Tom20 and Puf3 were deleted, as well as strains with single deletions of
either gene (70). Under fermentative conditions, all strains grew well, with no significant
defects. When switched to respiratory conditions, single deletion strains grew normally, but
the double deletion strain suffered severe growth defects. Adding back endogenously
expressed Puf3 and Tom20 proteins to the double deletion strain led to rescue of growth,
suggesting that both of these proteins are necessary for cells under respiratory conditions.
This suggests that both post translational and pre-translation localization of MRNAs are
essential for cell function under conditions that require highly functioning mitochondria
(70).

While Puf3p is a key regulator of mitochondrial gene expression in yeast, the function of
Pumilio family members does not seem to be conserved to mammalian cells. Instead, similar
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to Puf3, a conserved RBP clustered mitochondria homolog (CLUH) protein shows selective
nuclear-encoded mitochondrial mMRNA binding in mammalian cells. Loss of CLUH leads a
clustered mitochondrial network close to the nucleus in several organisms (82). In mammals
it was shown that ~80% of its mMRNA targets encode for mitochondrial proteins (83) and
upon loss of CLUH its target mMRNAs show decreased stability and lower translation (77).
CLUH function has been linked to cellular control of the metabolic state of the cell, as loss
of CLUH leads to a decrease in respiratory function and a metabolic shift towards glucose
dependency (77,84). As CLUH impacts mRNA decay and translation of proteins targeted to
the mitochondria, it will be interesting to explore the role of CLUH on mRNA localization
to the mitochondria, especially in relation to the large impact it has on the structure of the
mitochondria.

Condition-dependent mRNA localization

Even though there have been obvious links between metabolism and RBPs impacting post-
transcriptional gene expression, surprisingly, there has been little exploration into how
mRNA localization to the mitochondria may be altered under different metabolic states
when there are large changes in both mitochondrial morphology and gene expression. In
yeast, most of the global localization experiments have been performed under non-
fermentable carbon sources. It was recently found that the § and -y ATP synthase subunit
MRNAs (ATPZ, ATP3) can be localized to the mitochondria in a condition dependent
manner. Under fermentative conditions these mMRNAs have minimal mitochondrial
localization, but under respiratory conditions they become strongly localized (31). Through
mutant analysis and computational modeling, this localization was shown to be related to the
changing geometric constraints of the cell as mitochondrial volume fraction increased from
fermentation to respiration. It was also shown that increasing mitochondrial volume fraction
effectively shrinks the cytoplasm, favoring random interactions with the mitochondrial
membrane, which would result in altered association based on the competency of an mMRNA
for binding. Therefore, translation elongation and mitochondrial volume fraction were
interrelated variables on impacting mRNA localization as competency for binding and
sensitivity to mitochondrial volume fraction were strongly impacted by the duration that an
mMRNA resides as an mRNA-ribosome-nascent protein chain complex (31). One way to
increase this competency is to stabilize the mRNA-ribosome-nascent protein chain complex
through CHX administration.

While none of the global MRNA localization experiments have been concurrently performed
in different metabolic states, a mitochondrial proximity specific ribosome profiling was
performed in glucose media (fermentative) and the localization of previously characterized
glycerol (respiratory) localized mRNAs can be compared (68,85). In glucose conditions, the
majority of non-localized Class 11l mMRNAs (98%) were also non-localized. For many of the
Class | (Puf3-targets) and Class Il (Puf3-independent) mRNAs that were localized to the
mitochondria in respiratory conditions, they were not found to be localized in glucose
conditions. This was especially true for the mRNASs that are most sensitive to Puf3 for their
localization, Class I-1, in which only 6% of the mRNAS were categorized as mitochondrially
localized in glucose conditions. This may be related to Puf3’s changing role in gene
regulation, from inducing mRNA decay and translational repression in glucose conditions, to
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potentially being a translational activator in respiratory conditions (Table 2). For many
mitochondrial mMRNAs there was a strong increase in localization upon CHX treatment,
including the mitochondrial volume fraction sensitive Class 1| mRNAs A7P2and ATP3
(Figure 4A). Though more experiments are needed to confirm, the previous connections
between mitochondrial volume fraction and translation duration imply that many of the
conditionally localized Class Il mRNAs would be sensitive to mitochondrial volume fraction
in their localization to the mitochondria. Overall, nuclear-encoded mitochondrial mMRNAS
showed a robust shift in their enrichment to the mitochondria upon CHX treatment, and this
was especially true for mMRNAs that were localized to the mitochondria under respiratory
conditions. Similarly, mammalian mitochondrial mMRNAs show a robust shift in enrichment
to the OMM upon CHX treatment (Figure 4B) (66). From the current limited cellular
measurements, transformed cells appear to have relatively low mitochondrial volume
fraction (Table 1) and are known to switch their metabolism away from respiration and
towards aerobic glycolysis. It will be interesting to explore if mammalian mitochondrial
mRNAs become more localized to the mitochondria under alternative metabolic states and
whether changing mitochondrial volume fraction contributes to mRNA localization changes
in mammalian cells.

Future directions

Many post-transcriptional processes are interconnected. Translation can impact mMRNA
localization and mRNA decay, but recent work has also found that mRNA localization to the
mitochondria can impact mRNA decay and translation. Further mechanistic detail will be
needed to disentangle these post-transcriptional mechanisms especially in relation to the
impact of changing mitochondrial structure on these processes.

The Endoplasmic Reticulum (ER) is an organelle that interacts with the mitochondria
through both signal transduction pathways, as well as physical membrane contact sites to
help the cell regulate energy metabolism in shifting conditions (The relationship between ER
and mitochondria is well described in (86-88)). Localization of mMRNAs to the ER is a well-
studied phenomenon that draws many parallels to that of the mitochondria. Similar to
mitochondria, translation duration has been found to be important for substrate recognition
and mRNA targeting to the ER (89,90). It was even proposed that global reductions in
translation elongation could lead to increased targeting of suboptimal substrate proteins and
that stressful conditions could lead to changes in the proteins targeted to the ER (90). Also
similar to the mitochondria there are a number of MRNAs that show CHX-dependent
enrichment to the ER by proximity specific ribosome profiling (91). Targeting mRNAs to
the ER was also found to strongly upregulate protein synthesis of reporter mRNAs (31).
Similar to the large condition-dependent changes in mitochondrial structure, the ER can also
undergo extensive membrane expansion during times of ER stress or differentiation, when B
lymphocytes differentiate into plasma cells (92,93). This membrane expansion is essential
for maximal fitness during ER stress (92). It is unclear if this expansion of the ER changes
mRNA localization to this organelle? Do these ER structural changes lead to direct effects in
protein synthesis? It will be interesting to explore how the structure of organelles can
directly impact the post-transcriptional regulation of MRNAs.

Biochem Soc Trans. Author manuscript; available in PMC 2021 May 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tsuboi et al. Page 11

As previously mentioned changes in mitochondrial morphology are associated with a broad
set of diseases from diabetes, to cancer, to neurodegeneration and even aging (9,94). Yet it is
unclear the impact that these disease related changes in mitochondrial structure have on
mRNA localization, gene expression, and mitochondrial composition. It will be important to
further explore the mechanisms of MRNA localization and post-transcriptional control under
alternative metabolic states and mitochondrial structures in order to better understand
mitochondrial function in health and disease.
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Perspectives

Importance of the field: In fluctuating environmental conditions organisms
must modulate their bioenergetic production in order to maintain cellular
homeostasis for optimal fitness. While the importance of transcriptional
control in these mitochondrial functional changes have been explored, post-
transcriptional regulation is another important layer of regulation in the how
mitochondria properly adjust their composition to the metabolic needs of the
cell.

Current thinking: Intriguingly, changing mitochondrial structure may also
directly impact post-transcriptional steps of gene regulation. As abnormalities
in mitochondrial structure and function have been identified as key
pathological components of aging and disease, it is imperative to fully
understand the mechanisms of mitochondrial control.

Future directions: As mitochondrial structure and function has been shown to
be very important for age-related processes, including cancer, metabolic
disorders, and neurodegeneration, understanding how mitochondrial
composition can be affected in fluctuating conditions can lead to new
therapeutic directions to pursue.
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Figure 1. Interrelationship between cellular conditions, gene expression, and mitochondrial
morphology with each other on the mitochondrial activity of the cell.

The reconstructed mitochondrial morphology in fermentative, respiratory condition, and
aged yeast cells are shown below. These active morphological changes are regulated by gene
regulatory networks in different cellular states such as metabolic function of the cell and
disease phenotypes and has a close relationship with mitochondrial activity.
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Figure 2. Metabolic state affects mitochondrial surface area and may contribute to TOM
complex polymer composition.

(A) Surface area of yeast mitochondria in fermentative and respiratory condition was
measured from fluorescent microscopy image processed by MitoGraph (N>112). Mean of
the area for fermentative and respiratory was 48um? and 79um? respectively. (B) Cartoon of
the typical mitochondrial morphology in fermentative (left) and respiratory (right) condition.
(C) Cartoon of potential TOM complex polymer composition in fermentative (left) and
respiratory (right) condition. Conditional changes may cause an alteration of protein import
machinery architecture.
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mRNA and protein import machinery
Ribosome

Figure 3. Nuclear-encoded mRNA localization to mitochondria and potential regulatory

mechanism in changing environmental condition

After the export form nuclear pore, nuclear-encoded mitochondrial mRNAs are diffusively
localized to mitochondrial surface by binding to mitochondrial protein import machinery,
TOM complex. The interaction between mRNA and Protein import machinery are
summarized in the right box. Briefly, mRNAs bind mitochondria through a mitochondrial
targeting signal in the nascent polypeptide chain. Targeting signal associates with Tom20
and Tom70 with the help of chaperone proteins Hsp70 and Djpl1. Pumilio family protein
(Puf3 in yeast and CLUH in mammalian cells) directly bind mRNA in a sequence-dependent
manner. Association of ribosomes to OM14 and OM45 are also reported.
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Figure 4. Treatment with the translation elongation inhibitor cycloheximide (CHX) can increase
the mitochondrial localization of mitochondrial protein coding mRNAs.

Cumulative distribution of MRNA enrichment (ribosome reads) to mitochondria of
mitochondrial genes and all genes of (A) yeast cells measured by proximity specific
ribosome profiling (68) and (B) HEK293T cells measured by APEX-seq (66) were depicted
with or without addition of CHX.
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Table 1.
Mitochondrial volume fraction varies in different cells, tissues, and conditions

Measurements of mitochondrial volume fraction in cells of different organism and tissues.
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Organism mitochondrial volume fraction | reference
Saccharomyces cerevisiae fermentation/respiration 4%/ 8% (31)
Hamster; muscle glycolytic/oxidative 9%/ 22% (36)
Human; cardiac muscle 25% (35)
Cancer; Hela cells 11% (34)
Cancer; Osteosarcoma 7.7% (33)
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Table 2.
Localization of previously characterized respiratory localized mRNAs are compared with
the localization in fermentative condition

Mitochondrial proximity specific ribosome profiling was performed in fermentative conditions (68) and the
localization of previously characterized respiratory localized mRNAs are compared (85). Class I-1 were
mMRNA targets that were completely dependent on Puf3 for their localization to the mitochondria. Class I-2 are
Puf3 targets that could be localized independent on Puf3. Class Il mMRNAs were non-Puf3 targets that localized
to the mitochondria in respiratory conditions. Class 11l mMRNAs were non-mitochondrially localized mRNAs.
The percentage of mitochondrial localized mRNAs with or without CHX addition was indicated. n is a number
of mRNAs in each Class.

% Mito Localized mRNAs

Class n Fermentative-CHX  Fermentative+CHX  Respiratory—CHX

Class I-1 82 6% 21% 100%
Class1-2 173 58% 87% 100%
Class I 224 34% 59% 100%
Class 1l 278 2% 14% 0%
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