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Mitochondria are organelles whose function, protein composition, size, and 

morphology are highly variable and regulated in response to nutrient availability and other 

environmental conditions. Their crucial role in metabolism involves the production of 

adenosine triphosphate (ATP), the energy currency of the cell, by the oxidative 

phosphorylation pathway. TEM studies observed ribosomes enriched at the mitochondrial 
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surface, suggesting that mRNAs localize co-translationally. mRNA localization is a post 

transcriptional method for regulating gene expression in parallel with transcriptional methods. 

While mRNA localization is a way to control protein production or limit translation activity to 

specific cellular locations, the potential of mRNA localization as a strategy for altering the 

composition of mitochondrial proteins in different environmental conditions has not been 

explored. For brewer’s yeast, 99% of mitochondrial proteins are encoded in the nuclear 

genome. To ensure mitochondrial function, nuclear-encoded proteins are imported into the 

mitochondria through mitochondrial translocases on the outer mitochondrial membrane. 

mRNA localization is implicated in mitochondrial protein homeostasis along two axes: it 

helps synchronize the nuclear and mitochondrial genome translation programs to ensure 

proper stoichiometry of nuclear- and mitochondrial-encoded proteins and it is required for 

initiating the co-translational import of highly hydrophobic nascent peptides that are 

vulnerable to aggregation and misfolding in the cytosol. While it is clear that mRNA 

localization is important for mitochondrial biogenesis and homeostasis, the mechanism of 

localization has not been fully elucidated for mRNAs that do not have known RNA-binding 

proteins partners that regulate their localization. More than 200 genes associate to the 

mitochondria after translating a 5’ amphiphilic mitochondria targeting sequence (MTS) that 

can interact with translocation machinery only after the mRNA-ribosome complex has found 

the mitochondria through diffusive search. Additionally, the nascent peptides produced by co-

translationally localized mRNAs bind to the chaperones Hsp70 (in brewer’s yeast) and Hsp90 

(in mammalian cells) that are implicated in the proper recognition of the preprotein by other 

components of translocation machinery. 
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Based on our understanding of the MTS-driven mechanism of mRNA localization, I 

developed a mathematical model and stochastic simulation of translation, peptide signal 

maturation, and mRNA diffusion in cells of varying mitochondrial volume. After reproducing 

experimental observations of mRNA localization in diverse cellular states, including in 

fermentative versus respiratory metabolic conditions, we predicted that increasing translation 

duration would drive mRNA localization in vivo. However, quantitative microscopy in 

brewer’s yeast reveals that ribosome stalls downstream of the MTS drive localization 

regardless of translation duration. This has given us new insights into the peptide signal 

maturation component of MTS-driven localization mechanism, and has been incorporated into 

the stochastic simulation as well as experimental design. The mechanism of mRNA 

localization is based on fundamental processes like translation and diffusion instead of relying 

on gene-specific or condition-specific regulatory factors. Therefore, we postulate that it is 

conserved to mammalian systems given the high degree of conservation of mammalian genes 

and peptide-binding chaperones. We find that our stochastic simulation of translation, peptide 

signal maturation, and mRNA diffusion can reproduce experimental observations of mRNA 

localization behaviors in brewer’s yeast and mammalian cells, indicating that the biophysical 

mechanism of MTS-driven localization is conserved between eukaryotes. The combination of 

translation and diffusion kinetics is a novel mechanism for regulating mitochondrial gene 

expression post-transcriptionally across eukaryotes and adds to our understanding of 

mitochondrial homeostasis and mitochondrial biogenesis in shifting environmental conditions. 



Chapter 1

Introduction

1.0.1 Mitochondrial diseases and dysfunction

Damage to mitochondria leads to cell-wide dysfunction and eventually to disease at the organismal level. Cell

types with large energetic demands, like motor neurons and muscle cells, typically contain more mitochondria and are

thus particularly vulnerable to the effects of mitochondrial dysregulation. Numerous pathologies are directly linked

to mitochondria’s role as a regulator of cellular calcium levels because calcium signaling, pH regulation, and ionic

gradients are important for the functions of specific cells [2]. For example, excitable neurons must maintain ionic

gradients in order to propagate a signal when stimulated. Many others are linked to mitochondria’s more well known

role as the generator of energy molecules (ATP) through the respiratory chain, which is coupled to cytosolic calcium

levels but has outsized effects for muscle tissue. Skeletal muscle, cardiac muscle, and smooth muscle in the gut rely

on ATP production from oxidative phosphorylation in the mitochondria to contract and pick up an object, or keep the

heart beating, or push food through the entire digestive system. Many vascular cell types, e.g. system microvessels,

endothelial cells, and smooth muscle cells, primarily utilize the oxygen-independent glycolysis pathway to meet their

energy needs [3]. However, they still upregulate mitochondrial-dependent oxidative phosphorylation during periods of

higher metabolic loads or when glycolysis is inhibited [3]. Their ability to control oxidative phosphorylation activity

helps maintain an oxygen gradient that ensures sufficient oxygen diffuses into deeper tissues that rely heavily or

exclusively on the more efficient process of oxidative phosphorylation [3].

Currently, in the study of muscle-related diseases, experimentation on mitochondrial function primarily uses

mitochondria isolated from mammalian tissues and permeabilized [4]. However, harvesting typically results in spherical

organelles that retain many of their biochemical properties, like membrane potential and oxidative phosphorylation

activity, but lose their natural morphology of branched and highly connected networks of tubes. Turning to in vivo

experimentation would elucidate the role of morphology and size in all aspects of mitochondrial regulation, including
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CHAPTER 1. INTRODUCTION

biogenesis, protein homeostasis, and motility. Disrupted mitochondrial morphology has been implicated in apoptosis

(programmed cell death) and senescence (age-related loss of function). Mitochondria are constantly undergoing fission

and fusion, resulting in ever-changing networks of branched tubes that nonetheless carry out all of their biochemical

functions in conjunction with physical reorganization. The effects of fission and fusion have resulted in seemingly

contradictory findings such that upregulating fusion or downregulating fission can result in either promote or reduce

pro-apoptotic cell signalling. More in vivo studies would elucidate the role of mitochondria network structure in

apoptosis as well as healthy function.

Interestingly, mitochondrial volume was found to remain at a constant 10-11% of cytosolic volume throughout the

life cycle of HeLa cells [5]. The Zid lab has made interesting findings regarding how mitochondrial volume fraction

controls the localization of a class of nuclear-encoded mitochondrial mRNAs thereby correlating its own size with

localized protein production through the fundamental process of diffusion [6, 7]. Additionally, the ability to quantify or

track mitochondria over time in living cells has also led to a greater appreciation for the importance of inter-organelle

contacts [8] and how mitochondria are trafficked along the challenging length of the axon in energy-hungry neurons [9].

Mitochondrial motility is thought to help regulate the mitochondrial genome itself because fusion and fission events lead

to exchanges of mitochondrial DNA (mtDNA). With age, mtDNA accumulates many random mutations and exchanging

genomic information diminishes the risk of loss of function mutations in mitochondria-encoded proteins at any one

mitochondrial tubule. Fusion, fission, and motility are also important for contacts with the endoplasmic reticulum (ER),

another very large organelle, and others, ensuring consistent intracellular communication [8]. While this has direct

implications in apoptosis and age-related dysfunction, it begs the more fundamental question of how gene expression

strategies can keep up with the highly dynamic mitochondrial structure and rapidly responsive mitochondrial functions.

I propose that translation kinetics and mRNA diffusive search times for mitochondria combine to determine mRNA

localization dynamics and thus gene expression during rapidly shifting demands and environmental conditions.

1.0.2 mRNA localization to the mitochondria

mRNA localization is a post transcriptional method for regulating gene expression in parallel with transcriptional

methods. The regulation of subcellular mRNA localization has been studied in Drosophila melanogaster embryos

[10], neurons [11], Xenopus laevis oocytes [12], and other eukaryotes [13] with a particular focus on the mechanisms

of recognition and transport by cytoskeleton-associated motor proteins. The current view of mRNA sequences as

subcellular “zipcodes” or localization elements (LEs) [13, 14, 15] that function as recognition sites for RNA-binding

proteins positions the RNA-protein complex, or RNA granule, as the foundation of mRNA localization regulation

more generally. While the mechanisms of mRNA localization to the mitochondria are not entirely understood, TEM

studies observed ribosomes enriched at the mitochondrial surface, suggesting that mitochondrial localization can occur
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co-translationally. While mRNA localization is a way to control protein production overall or localize translation

activity, the potential of mRNA localization as a strategy for altering the composition of mitochondrial proteins in

different environmental conditions has not been explored.

Mitochondria are organelles whose function, protein composition, size, and morphology are highly variable and

regulated in response to nutrient availability and other environmental conditions. Their crucial role in metabolism in-

volves the production of adenosine triphosphate (ATP), the energy currency of the cell, by the oxidative phosphorylation

pathway. In the brewer’s yeast, Saccharomyces cerevisiae, cells can switch their source of ATP towards or away from

oxidative phosphorylation, and thus towards and away from mitochondria, depending on the environment. In addition

to many other non-metabolic functions, its role as a key player in ATP generation is important for understanding how

cells regulate mitochondrial function broadly. Furthermore, understanding the regulation of mitochondrial protein levels

in the context of metabolic switching switching may provide insight into the loss of mitochondrial function and the

disruption of healthy mitochondrial morphology, hallmarks of many age-related and metabolic diseases. The volume,

protein composition, and protein content show drastic changes in response to cellular metabolic need and nutrient

availability. When a fermentable carbon source is highly available, brewer’s yeast and many cancer cell types will rely

on glycolysis–even in the presence of oxygen–to meet its energy needs, a metabolic mode that is less biomass-efficient

but produces ATP more quickly. Mitochondria are small in volume and mitochondrial protein levels are lower overall.

By contrast, when brewer’s yeast is grown without a fermentable carbon source and in plenty of oxygen, it switches to

oxidative phosphorylation, spurring mitochondrial biogenesis with 10 to 20 fold increases of transcript and protein

levels [16]. In addition to the increase in size, metabolic mitochondrial proteins, such as those involved in oxidative

phosphorylation, are specifically upregulated to support mitochondria in their larger role as the cell’s primary generator

of ATP.

For S. cerevesiae, 99% of mitochondrial proteins are encoded in the nuclear genome. To ensure mitochondrial

function, nuclear-encoded proteins are imported into the mitochondria through mitochondrial translocases on the outer

mitochondrial membrane. Therefore, many mRNAs that encode mitochondrial proteins are synthesized in the nucleus

and localize to mitochondria through a variety of mechanisms. Additionally, the cell can modulate the localization

of certain mRNAs in response to shifting conditions. While some mRNAs always localize asymmetrically to the

mitochondria, others only do so during deprivation of fermentable carbon sources [17], after translation elongation

inhibition [18], or when mitochondria are large in size [6]. mRNA localization assists with co-translational import of

mitochondrial proteins, particularly for proteins destined for the inner mitochondrial membrane, which are typically

more structured, larger, and more hydrophobic. In addition to protecting membrane proteins from the relatively

hydrophilic cytosol, mRNA localization has also been proposed as a post-transcriptional method of coordinating the

expression of the nuclear and mitochondrial genomes. The complex ATP synthase, among others, contains subunits

of dual genomic origin, and its stoichiometry is tightly regulated to ensure function. For some nuclear-encoded
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mitochondrial genes, it is known that mRNAs associate to the translocation machinery using the mRNA-binding protein

Puf3. Loss of Puf3 or Puf3 function impairs mitochondrial biogenesis and the ability of brewer’s yeast to survive in a

non-fermentable carbon source. While Puf3p-binding domains are located at the 3’ untranslated region (UTR) of 256

nuclear-encoded mitochondrial genes, 224 genes have no Puf3p-binding site and their localization is not controlled by

Puf3 [19]. While it is clear that mRNA localization is important for mitochondrial biogenesis and homeostasis, the

mechanism of localization has not been fully elucidated for mRNAs that do not have known RNA-binding proteins

partners that regulate their localization.

Eukaryotic cells coordinate the mitochondrial and nuclear genomes to ensure proper stoichiometry of large key

complexes. For example, human ATP synthase comprises 25 subunits of nuclear origin and 2 subunits of mitochondrial

origin [20]. Similarly, S. cerevisiae ATP synthase comprises 17 subunits and requires the coordination of nuclear

and mitochondrial gene expression [21]. Given the degree of conservation between S. cerevisiae and mammalian

mitochondrial proteins, brewer’s yeast has long been a model organism for elucidating the key molecular players in

metabolic switching, mitochondrial biogenesis, and the coordination of the nuclear and mitochondrial genomes. In

addition to a subunit of ATP synthase (in OXPHOS complex V), the S. cerevisiae mitochondrial genome encodes 7 more

proteins that form part of 3 other major dual-origin protein complexes: the mitoribosome and OXPHOS complexes

III and IV [22]. Mitochondrial transcription (i.e. transcription of the mitochondrial genome) of OXPHOS genes is

induced more slowly than nuclear transcription of OXPHOS genes after a switch from fermentable to non-fermentable

media [22], yet translational regulation of all dual-origin OXPHOS subunits is quickly synchronized, i.e. less than

15 minutes after the change in media [22]. Synchronization was found to be unidirectional such that changes in

cytosolic mRNAs, and possibly mRNA localization, spur rapid changes to mitochndrial translational activity [22], and

translational programs in the mitochondria and cytosol quickly synchronize to produce more metabolic proteins with

proper subunit stoichiometry.

Cells regulate mitochondrial biogenesis in relation to the metabolic needs of the cell, and it is largely thought

that this gene expression program is centralized in the transcriptional step. However, it is still unclear how mRNA

localization may be impacted by changing mitochondrial dynamics or by perturbations to translation efficiency in

ageing or stress [23]. Furthermore, it is unknown how cells regulate the asymmetrical localization to the mitochondria

for these mRNAs in both a gene-specific manner and in response to shifting nutrient conditions. The Zid lab recently

showed for the first time that mRNA localization to the mitochondria can be dynamically regulated during different

environmental conditions[6]. Whereas specific RNA-binding protein partners have not been identified, the nascent

peptides produced by co-translationally localized mRNAs do bind to the chaperones Hsp70 and Hsp90 [24, 25]. The

cytosolic chaperones Hsp70 and Hsp90 have been implicated in the proper recognition of nascent peptides, and thus the

import of proteins, at the outer mitochondrial membrane. In brewer’s yeast, Hsp70 binds to the nascent peptide and

helps deliver the mRNA-ribosome complex to the outer membrane. Translocation machinery at the outer mitochondrial

4



CHAPTER 1. INTRODUCTION

membrane, Tom20 and Tom22, interact with MTSs in the nascent peptide while Tom70 interacts with Hsp70 chaperones

[25, 26]. We need to understand how these two binding events work together in the MTS-driven mechanism of mRNA

localization. Hundreds of mitochondrial genes use this mechanism yet it is unknown why this MTS-driven system

gives rise to both constitutively high localization and condition- or environment-sensitive localization. MTS-swapping

experiments indicate that the MTS is required but not sufficient for asymmetric localization, pointing to the downstream

coding sequence (CDS) as the likely factor in quantitatively determining localization and, for conditionally localized

mRNAs, in responding to environmental changes [27, 6].

Bioinformatic studies [28], experimental research on chimeric sequences [6], and structural studies of mitochondrial

import machinery [29] have shed light on the biochemical mechanism of nascent peptide-mediated association of a

mRNA-ribosome complex to the mitochondrial surface. There are many key features found across the hundreds of

so-called Class II mRNAs. Mitochondrial targeting sequences (MTSs) are located at the 5’ of the mRNA’s open reading

frame (ORF), i.e. the N-terminus of the preprotein [25, 26], and form an amphiphilic helix adept at interacting with

phospholipids [30] and the larger Tom20 complex. While computer programs predict that MTSs can be of various

lengths, depending on the gene [28], the amphiphilic structure and location at the 5’ end are general characteristics

found across Class II and are essential for association with mitochondrial import machinery. For some genes, internal

“MTS-like” sequences have been found downstream of the primary 5’ MTS, but their deletion had a small effect on

mitochondrial association [26]. I posit that internal “MTS-like” sequences and other significant motifs, like ribosome

stalls, are implicated in Hsp70 or Hsp90 binding, the other component of MTS-driven recogntion and import at the

outer mitochondrial membrane.

The existent literature is largely in consensus about the essential biochemical components of the system, which is

conducive to building theoretical, mathematical, and computational models for predicting mRNA localization in various

environments and in response to perturbations. These models should be quantitative in their predictions, generate

testable hypotheses at the bench, and elaborated on with the resulting experimental findings. Our model is based on

the fundamental biophysics of mRNA diffusion, translation, and chaperone-binding, and not in condition-specific

chaperones or other regulatory factors. I investigated how much translation elongation kinetics can tune mRNA

localization and whether this is implicated in Hsp70 chaperone recruitment, the other half of this puzzle. As the model

continues being tested experimentally and expanded in brewer’s yeast, it has also opened an avenue into understanding

mRNA localization in mammalian cells. Given the high degree of conservation of mitochondrial genes, functions,

and morphology between yeast and mammalian cells, we investigated whether our generic mechanism of mRNA

localization was conserved to human cells. I was able to calculate the necessary translation parameters in human cells

[31] and compare simulation results to enrichment data in human cells from [1]. Our findings suggest that human cells

may also be using this mechanism to set localization ratios for mitochondrial genes, resulting in both constitutively

localized and environment-sensitive mRNAs. By iteratively integrating experiments and computational modeling, we
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can identify and control novel mechanisms of mRNA-mitochondrial association.
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Chapter 2

Two-state model of mRNA association to the

outer mitochondrial surface

Excerpt from [6]: “As yeast cells shift to respiratory conditions, mitochondrial biogenesis increases the mitochondrial

volume while the cell cytoplasmic volume decreases, thus leading to an increase in the mitochondrial volume fraction

in respiratory conditions. While ATP3 mRNA showed a strong condition-dependent localization, TIM50 and TOM22

mRNAs also showed modestly increased mitochondrial association during respiratory conditions. We wondered what

impact the reduction in the availability of free cytoplasmic space due to mitochondrial expansion had on mRNA

co-localization, especially for TOM22, which is not known to bind to the mitochondria. To test this, we quantified both

the mitochondrial localization of each mRNA and changes in mitochondrial volume fraction at a single-cell level Fig.

2.1.” ... To further test our hypothesis that mRNA localization is regulated by mitochondrial volume fraction, I designed

in silico experiments based on the primary investigator’s experimentally measured cell and mitochondrial boundaries. I

created a two-state model wherein a particle with an affinity for the mitochondria can be found at the mitochondria

(“local”) or away from the mitochondria (“diffuse”). The biochemical basis for the affinity is the interaction between

mitochondrial import machinery and a nascent peptide that is part of the mRNA-ribosome complex during active

translation. Experimental measurements of localization were based on confocal microscopy of fluorescently-labelled

mRNAs. Although it is likely that some mRNAs are not part of an mRNA-ribosome complex at the timepoint of

observation, the two-state model particle represents an mRNA molecule with an intrinsic and time-invariable affinity

for the mitochondria. Therefore, the probability of localization can be written simply as Eq(2.1)

plocal =
Nlocal

Nlocal +Ndi f f use
(2.1)

7
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Figure 2.1: mRNA localization increases with respect to mitochondrial volume fraction

The probability of being found at the mitochondria plocal depends, in part, on the strength of the affinity DG in Eq(2.2).

Consistent with the application of the two state model, we define the number of “local” mRNAs and “diffuse” mRNAs

of a given gene according to the multiplicity of the “local” microstate Wlocal and “diffuse” microstate Wdiffuse, and the

energy difference between the two states DG. These theoretical mRNAs have no affinity for other cellular compartments

are thus free to diffuse around the volume of the cytosol whenever they are not at the mitochondrial surface.

plocal =
Wlocale�DG/kBT

Wdiffuse + Wlocale�DG/kBT (2.2)

Mitochondrial import machinery are distributed along the surface of mitochondrial tubules. Therefore, the multiplicity

of the “local” state depends explicitly on the surface area of the mitochondrion, which is cylindrical.

Wlocal = Amito = 2prlmito (2.3)

The volume of the mitochondria, Vmito = pr2lmito allows us to substitute lmito and re-write Wlocal in terms of rmito, which

is a constant 350 nm, and the observable Vmito.

Wlocal =
2Vmito

r
(2.4)

In the “diffuse” state, particles explore the volume of the cytosol without any affinity for other cellular compartments.

Wdiffuse can be written simply as, Vcyto. For this system, define the cytosol as the volume of the cell without mitochondria,

8
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Figure 2.2: From Tsuboi et al. (2020). A two-state model of mRNA localization plocal recapitulates experimental
measurements of localization with respect to mitochondrial volume fraction.

TOM22 (yellow) has DG = 0. TIM50 (blue) has DG = 8.8 kBT. ATP3 (green) has D G = 2.4 kBT.

and we define Vcyto in terms of the experimentally observable Vcell and Vmito .

Wdiffuse =Vcell–Vmito (2.5)

I re-write plocal with our new expressions for Wlocal and Wdiffuse in Eq(2.6).

plocal =
Vmitoe�DG/kBT

(Vcell �Vmito) + (2/r)Vmitoe�DG/kBT (2.6)

Rewriting Vmito and Vcell in terms of mitochondrial volume fraction v (Eq(2.7)) renders plocal in terms of the empirical

parameter v and the gene-specific free parameter DG in Eq(2.8).

v ⌘Vmito/Vcell (2.7)

plocal =
ve�DG/kBT

1–v+ ve�DG/kBT (2.8)

I plotted the localization curves for the mRNAs of all three available genes and determined the value of the free

parameter DG for ATP3 and TIM50 in Fig 2.2. TOM22 is known to not have an MTS and therefore no affinity for

the mitochondria. Its D G = 0 by definition. In this case, plocal = v. Empirical data reveals that the localization curve

of TOM22 has a non-zero y-intercept that does not appear in the simple plocal and a slope slightly greater than 1.

Nonetheless, plocal qualitatively captures the dependence of TOM22’s localization on mitochondrial volume fraction.
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ATP3 and TIM50 are known to have an MTS and demonstrate an affinity for the mitochondria given that their

localization ratios are higher than TOM22’s across the range of mitochondrial volume fractions. The strength of their

affinity DG must be fit to the localization curve of each gene. Intuitively, TIM50 is expected to have a greater affinity

for the mitochondria than ATP3 given that TIM50 localization is consistently high and displays less dependence on v.

plocal with DG = 8.8 kBT closely matches the empirical localization curve of TIM50 whereas plocal with DG = 2.4 kBT

closely matches the empirical localization curve of ATP3.

Modeling the localization of mRNAs with an affinity for mitochondria as a two-state model presumes that mRNAs

exist in one of two states rather than in a variety of molecular states. Molecular states could be generated by tiered

recruitment of binding factors, subsequent translation of mitochondrial targeting sequences, or distinct interactions with

the mitochondrial versus cytosolic milieu. Using a two-state model implies that all these processes and phenomena do

not lead to conditional or incremental affinity. Conditional affinity in a biochemical context would be the recruitment

of an essential chaperone that is only present under certain conditions, like respiratory metabolism. Incremental

affinity would arise if the affinity of the nascent peptide increased with the recruitment of subsequent chaperones, or if

the affinity of the mRNA-ribosome complex increased with respect to the number of bound ribosomes and thus the

number of translated MTSs. Capturing the increase in mRNA localization with respect to mitochondrial volume with a

mathematically simple mathematical model implies that we can treat affinity as an inherent characteristic that does not

turn on and off, and does not increase or decrease, across the range of mitochondrial volumes despite the difference in

metabolic mode and the associated reorganizations of the proteome and transcriptome.

Mitochondria grow in volume but do not change any other characteristic despite the aforementioned changes

in metabolism. I assumed that interaction sites on the mitochondrial surface remain constant across mitochondrial

volumes and that every mRNA-ribosome complex with affinity is equally capable of finding and interacting with the

mitochondrial surface. Any mRNA-ribosome complex with affinity has a probability curve of binding to the surface

whose shape and maximum are determined by the inherent, gene-specific binding affinity and the probability of being in

the proximity of a mitochondrial surface, which we measure as mitochondrial volume. This two-state model necessarily

treats kinetic effects as negligible: mRNA-ribosome complexes can switch between localized and non-localized based

solely on their proximity to a generic mitochondrial surface but the characteristic time scale cannot be parsed in this

model.

Altogether, the two-state model points to the paramount roles of mitochondrial volume and an inherent gene-specific

parameter that, crucially, are independent variables that combine to set the localization behavior of mRNAs with

MTSs. While a two-state model has the benefit of conferring numerous phenomenological insights, such as the lack of

conditional affinity in this system, it is limited to description and cannot be used to make predictions about biochemical

mechanisms or kinetic properties. Therefore, we built on these insights and created a minimal kinetic model with

parameters that are more connected to quantitatively measurable or modifiable rates, such as diffusivity in cytosols of

10
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varying volume.

Chapter 2, in part, is a reprint of the material as it appears in Mitochondrial volume fraction and translation duration

impact mitochondrial mRNA localization and protein synthesis. Tsuboi, Tatsuhisa; Viana, Matheus P.; Xu, Fan; Yu,

Jingwen; Chanchani, Raghav; Arceo, Ximena G.; Tutucci, Evelina; Choi, Joonhyuk; Chen, Yang S.; Singer, Robert H.;

Rafelski, Susanne M; Zid Brian M. The dissertation author was not the primary investigator nor the author of this paper.
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Chapter 3

Translation and diffusion kinetics combine to

regulate Class II mRNA localization in

brewer’s yeast

Chapter 3, in full, is a reprint of the material as it appears in Mitochondrial mRNA localization is governed by

translation kinetics and spatial transport in PLoS Computational Biology 2022. Arceo, Ximena G.; Koslover, Elena F.;

Zid, Brian M.; Brown, Aidan I. The dissertation author was the primary investigator and author of this paper.
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Abstract

For many nuclear-encoded mitochondrial genes, mRNA localizes to the mitochondrial sur-

face co-translationally, aided by the association of a mitochondrial targeting sequence

(MTS) on the nascent peptide with the mitochondrial import complex. For a subset of these

co-translationally localized mRNAs, their localization is dependent on the metabolic state of

the cell, while others are constitutively localized. To explore the differences between these

two mRNA types we developed a stochastic, quantitative model for MTS-mediated mRNA

localization to mitochondria in yeast cells. This model includes translation, applying gene-

specific kinetics derived from experimental data; and diffusion in the cytosol. Even though

both mRNA types are co-translationally localized we found that the steady state number, or

density, of ribosomes along an mRNA was insufficient to differentiate the two mRNA types.

Instead, conditionally-localized mRNAs have faster translation kinetics which modulate

localization in combination with changes to diffusive search kinetics across metabolic states.

Our model also suggests that the MTS requires a maturation time to become competent to

bind mitochondria. Our work indicates that yeast cells can regulate mRNA localization to

mitochondria by controlling mitochondrial volume fraction (influencing diffusive search

times) and gene translation kinetics (adjusting mRNA binding competence) without the

need for mRNA-specific binding proteins. These results shed light on both global and gene-

specific mechanisms that enable cells to alter mRNA localization in response to changing

metabolic conditions.

Author summary

Mitochondria are important generators of adenosine triphosphate (ATP), the energy cur-
rency of the cell. In the brewer’s yeast, Saccharomyces cerevisiae, cells can switch ATP
generation towards or away from mitochondria depending on the environment. Under-
standing how cells carry out this switch of mitochondrial function may provide insight
into the loss of mitochondrial function, a hallmark of many age-related diseases. Many
mRNAs that encode mitochondrial proteins are synthesized in the nucleus, but become
localized to the mitochondrial surface during protein production. While some of these
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mRNAs always localize to the mitochondria, others do so only in response to certain food
sources driving energy production. In this study we created a mathematical model of
mRNA localization to the mitochondria to understand what factors differentiate these
two mRNA classes. Our analysis implicates protein translation kinetics as well as the mito-
chondrial volume as the key factors that control whether mRNA localize to mitochondria.
This work provides insight into how global alteration in mitochondrial content and gene-
specific modulation of protein synthesis kinetics can couple together to adjust mRNA
localization and potentially mitochondrial function.

Introduction

To sustain life and function, cells maintain a homeostatic internal state while retaining the
capacity to respond to variable environments and challenges. For eukaryotic cells, homeostasis
requires not only regulation of gene expression, but also maintainance of internal organization
through the sorting of proteins among organelles and subcellular compartments. Spatial tar-
geting of proteins to specific cellular destinations can occur through a variety of transport and
retention mechanisms, sometimes acting in combination [1–7].

Protein localization is often controlled by first transporting the mRNA to a specific region
[8], and then translating proteins locally. mRNA localization serves as a key mechanism for
delivering proteins to far-flung cell regions in neurons [9], expediting protein synthesis when
locally required [10], and ensuring proteins are provided a suitable environment for folding
[11]. Failure to localize mRNA can result in developmental defects [12] and cognitive disorders
[13].

Canonical descriptions of protein localization through mRNA transport include transla-
tional suppression en route [8, 14], with protein synthesis beginning only after the mRNA
reaches its target destination. By contrast, some mRNA are known to begin translation while
in transit [15, 16]. For such cases, we explore how translational dynamics themselves can con-
trol mRNA localization, focusing on nuclear-encoded mitochondrial genes in yeast.

While some mitochondrial genes are encoded by mitochondrial DNA, the vast majority of
mitochondrial proteins are translated from nuclear-encoded mRNA [17] and a subset of those
mRNAs have been observed to localize to the mitochondrial surface. In Saccharomyces cerevi-
siae these mitochondrially localized mRNAs have been subclassified based on their mechanism
of localization. Class I mRNAs are primarily targeted to the mitochondria by the RNA binding
protein Puf3, while Class II mRNAs localize independently of Puf3 [18, 19]. Class II mRNAs
are proposed to localize through translation of the amino-terminal mitochondrial targeting
sequence (MTS) that can associate with import complexes on the cytosolic side of the outer
mitochondrial membrane [20].

S. cerevisiae yeast rely heavily on glucose fermentation even in aerobic conditions. With
non-fermentable carbon sources, the shift to a respiratory metabolism involves dramatic
changes to the mitochondrial proteome [21, 22]. This shift also leads to an increase in the frac-
tion of the cytosol occupied by mitochondria (mitochondrial volume fraction, or MVF) [23],
which form dynamic tubular networks distributed throughout the cell [24]. While Class II
mRNAs were initially found to be mitochondrially localized under respiratory conditions,
many exhibit condition-dependent localization, as almost 70% do not robustly localize to
mitochondria under fermentative conditions [23, 25, 26]. This may be due at least in part to
changes in MVF, which can quantitatively predict the conditional localization behavior of
mRNAs ATP2 and ATP3 [23]. Additionally, many Class II mRNAs that do not robustly
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localize under fermentative conditions, including ATP2 and ATP3, become mitochondrially
localized upon application of the translation elongation inhibitor cycloheximide (CHX) [23,
25]. By contrast, other Class II mRNAs such as TIM50 have high, constitutive localization to
mitochondria even in fermentative conditions [23], and respond little to increased MVF [23]
or CHX application [25]. Given that all Class II mRNAs contain an MTS but only some are
localized under fermentative conditions, these observations suggest that the presence of the
MTS is required but not sufficient for preferential localization to mitochondria. This idea has
been further supported through MTS swapping experiments [20].

Localization of a Class II mRNA to a mitochondrion requires exposure of an MTS peptide
sequence while the mRNA is very near to the mitochondrial membrane, implying that such
localization can be modulated through the relative kinetics of MTS exposure and spatial move-
ment throughout the cell. By arresting translation, CHX leaves nascent peptides and any of
their translated MTS motifs exposed indefinitely. The increase in mRNA localization upon
CHX application thus substantiates the importance of gene-specific translation dynamics for
mitochondrial localization. Similarly, the dependence of mitochondrial localization on the
MVF suggests that the geometry encountered by a diffusing mRNA can meaningfully control
the frequency of mitochondrial proximity and opportunities for an MTS to interact with a
mitochondrial surface.

The physical process of localization requires a transport mechanism enabling an mRNA to
encounter its target region and a retention mechanism to limit mRNA escape. In the relatively
small volume of a yeast cell, diffusion is sufficient to distribute mRNA, with diffusive arrival
rates to cellular targets modulated by intracellular geometry [7, 27–32]. Once an mRNA has
diffusively reached a destination, binding interactions then determine the time period of
mRNA localization. Equilibrium mRNA localization would be determined by the probability
of occupying a binding-competent state and the volume of the localization region, i.e. the
MVF. However, the energy-consuming process of translation pushes mRNA localization out
of equilibrium, similar to other driven processes necessary to maintain cellular organization,
including protein targeting [6, 7, 33–36].

To address how translational dynamics could control the localization of mRNA for mito-
chondrial genes, we developed a stochastic, quantitative model for mitochondrial mRNA
localization that incorporates translation and diffusion within a yeast cell. The model is param-
eterized against published genome-wide measurements of both constitutively and condition-
ally localized Class II mRNAs [22, 37, 38]. We find that the kinetics of translation, as well as
the diffusive search time-scales, determine the level of mRNA localization to mitochondria,
enabling both low and high localization within the physiological range of key parameters. Cru-
cial to our description of mitochondrial mRNA localization is a proposal for an MTS matura-
tion time following translation of the MTS peptide sequence. Our work suggests a distinct
mode of spatial protein regulation and a mechanism for yeast and other cells to control protein
localization using gene-specific translation dynamics combined with global adjustments of
organelle size.

Results

Localization depends on both equilibrium and kinetic contributions

To help guide our investigation of the translational control of mRNA localization, we begin by
analyzing a general minimal model (Fig 1A). We assume that mRNA is capable of switching
between a binding-competent (“sticky”) state and a binding-incompetent (“non-sticky”) state.
For mitochondrial targeting, a binding-competent state corresponds to an mRNA with at least
one partially-translated peptide with an exposed MTS sequence. We define two rate constants:

PLOS COMPUTATIONAL BIOLOGY Mitochondrial mRNA localization is governed by translation kinetics and spatial transport
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Fig 1. Quantitative models show equilibrium and kinetic contributions to mitochondrial mRNA localization. (A) Simplified discrete-state model
of mRNA mitochondrial localization. mRNA can be either binding competent (‘sticky’) or not binding competent (‘not sticky’), and either within
binding range of mitochondria (‘close’) or not within binding range (‘far’). mRNA transition between these states with rates described in the text. (B)
Localized fraction [defined as ‘close’ in (A)] as the spatial fraction of the cell near mitochondria (Eq 2) is varied. Rapid transport curves indicate rapid
switching from close to far relative to switching between sticky and not sticky, while for slow transport the relative switching speeds are reversed. (C)
Stochastic model of mRNA translation. Ribosomes initiate translation at rate kinit and progress to the next codon at rate kelong. MTS is translated after
the first 100 amino acids. Once MTS is translated, MTS becomes binding-competent at rate kMTS. (D) Schematic of mRNA diffusion in spatial model,
shown in cross-section. The cytoplasmic space is treated as a cylinder centered on a mitochondrial cylinder (red): the three dimensional volume extends
along the cylinder axis. mRNA in region 1 are sufficiently close for binding-competent mRNA to bind to the mitochondria, mRNA in region 2 are
considered mitochondrially localized in diffraction-limited imaging data, and region 3 represents the remainder of the cell volume. mRNA not bound
to mitochondria will freely diffuse between these regions. (E) For the stochastic translation model shown in (C), the fraction of mRNA lifetime that an
mRNA is binding-competent vs. β = kinit(L − LMTS)/kelong, the mean number of translated MTSs per mRNA. For each data point, mRNA translation
parameters kinit, L, and kelong were randomly selected from the ranges kinit 2 [10−3 s−1, 0.5 s−1], L 2 [150 aa, 600 aa], and kelong 2 [1 s−1, 10 s−1]. (F)
Mitochondrial localization from the stochastic model illustrated in C and D, as kinit is varied. L = 400 aa, 4% mitochondrial volume fraction, and kelong

as indicated in legend. (G) is the same data as F, but plotted against β.

https://doi.org/10.1371/journal.pcbi.1010413.g001
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kS and kU for switching into and out of the competent state, respectively, assumed to be inde-
pendent of the mRNA location. At equilibrium the fraction

fs à
kS

kS á kU
Ö1Ü

is in the competent state. For a binding-competent mRNA to bind to a mitochondrion, it must
be sufficiently proximal to a mitochondrial surface. Binding-incompetent molecules can move
from the bulk into binding range of a mitochondrion with rate kR and can leave the near-sur-
face region with rate kL. These rates are expected to depend on the diffusivity of the mRNA
and the geometry (size and shape) of mitochondria within the cell. At equilibrium,

fd à
kR

kR á kL
Ö2Ü

is the fraction of the mRNA-accessible cell volume that is within binding range of the mito-
chondrial surface. As the cytosolic volume fraction that is near mitochondria, fd is distinct
from but related to the MVF, the cell volume fraction occupied by mitochondria. The binding-
competent mRNA reach the mitochondrial region with the same rate kR but are assumed to
bind irreversibly and cannot leave until they switch into the incompetent state.

The resulting four-state model (binding-competent vs not, proximal to mitochondria vs
not) is illustrated in Fig 1A. Given the assumed irreversible binding of competent mRNAs, the
model is inherently out of thermal equilibrium. The kinetic equations can be solved to find the
steady-state fraction of mRNA localized to the proximal region, as a function of the kinetic
rates (see Methods).

The solutions exhibit two limiting regimes of interest. In the rapid-transport regime where
mRNA transport is much faster than the competence switching rate (kU, kS⌧ kR, kL), incom-
petent mRNA can equilibrate throughout the entire cell prior to a switching event. Similarly,
competent mRNA can rapidly reach the proximal region and bind to mitochondria. The frac-
tion of mRNA that are mitochondrially localized is then given by the two equilibrium frac-
tions,

floc à fs á Ö1� fsÜfd : Ö3Ü

In this spatially equilibrated situation, changing the mitochondrial volume fraction would
affect only fd. If binding dynamics are held fixed (fixed fs), the mitochondrially localized frac-
tion floc will depend linearly on the proximal volume fraction fd, with the slope determined by
the equilibrium binding competence fs.

In the opposite slow-transport regime, mRNA transport is much slower than the switching
rate (kR, kL⌧ kU, kS) and the fraction localized is given by:

floc à
1

1á Ö1� fsÜÖ1� fdÜ=fd
: Ö4Ü

This regime exhibits nonequilibrium behavior. In the limit of low mitochondrial volume frac-
tion (fd⌧ 1), the localization probability goes to zero. This is a fundamental difference from
the rapid-transport regime, where even at low volume fractions, binding-competent mRNA
localize to mitochondria. As a result, the regime with slow transport and fast switching is
expected to exhibit a steeper, more non-linear increase in localization with increasing mito-
chondrial volume fraction (green lines in Fig 1B) compared to the rapid-transport regime
(magenta lines in Fig 1B).
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This highly simplified, analytically tractable, four-state model is agnostic to the mechanistic
details for how the switching between binding-competent and incompetent states occurs, as
well as the geometric details of diffusive transport to and from the mitochondria-proximal
region. Specifically, it highlights some important non-intuitive features of localization for any
molecule that can switch between competent and incompetent states. Namely, the localization
behavior is expected to depend not just on the equilibrated binding-competent fraction fs
(Eq 1) and proximal fraction fd (Eq 2) but also on the relative kinetics of spatial transport and
competence switching. In the nonequilibrium regime of fast switching and slow transport,
localization becomes non-linearly sensitive to the volume fraction of the target region.

For the mitochondrial localization of mRNA, the switching times between competent and
incompetent states are determined by translation kinetics that control exposure duration for
attached MTS peptide sequences. The transport kinetics are determined by diffusion time-
scales towards and away from the mitochondrial surface. We next proceed to develop a more
mechanistically detailed model for mitochondrial localization that directly incorporates trans-
lation and diffusion.

Stochastic simulation incorporates translation and diffusive kinetics

The translation kinetics model (Fig 1C) tracks ribosome number and position. Ribosomes ini-
tiate translation on an mRNA with rate kinit, and then proceed along the mRNA codons at
elongation rate kelong. The mRNA is L codons in length. The number of codons that must be
translated to complete the MTS is set to lMTS = 100 to account for an MTS length of up to 70
amino acids and a ribosome exit tunnel length of* 30 amino acids [39, 40]. We begin with an
‘instantaneous’ model, where once translation moves past lMTS, the mRNA-ribosome complex
is assumed to be binding competent until translation completes (kMTS!1 in Fig 1C). In sub-
sequent sections we will consider alternative binding-competence models with finite kMTS.

An mRNA can have multiple MTS-containing nascent peptides if a subsequent ribosome
initiates and translates another MTS before the prior translation event is complete. The aver-
age number of such binding-competent peptides on a given mRNA is given by

b à kinitÖL� lMTSÜ
kelong

: Ö5Ü

To describe the diffusive encounter of an mRNA with the mitochondrial network, we use a
simplified geometric model appropriate for diffusive search towards a narrow tubular target.
Specifically, we treat the geometry as a sequence of concentric cylinders, each representing an
effective region surrounding a tubule of the mitochondrial network (Fig 1D). Fig 1D shows a
two-dimensional cross-sectional view of this three-dimensional geometry. The innermost cyl-
inder represents a mitochondrial tubule and serves as a reflective boundary for the mRNA. A
slightly larger cylinder represents the region where a binding-competent mRNA is sufficiently
close to bind to the mitochondrial surface. If one or more binding-competent MTSs are
exposed on an mRNA when it reaches the vicinity of the innermost cylinder, the mRNA will
remain associated to the mitochondrial surface until the mRNA returns to zero binding-com-
petent MTSs after peptide translation is completed. A still wider cylindrical region represents
locations where the transcript would appear close to the mitochondrial tube in diffraction-lim-
ited imaging data, but may not be sufficiently close to bind the mitochondrial surface. Finally,
the outermost reflecting cylinder represents the cytoplasmic space available to the diffusing
mRNA. The radius of this external cylinder is set such that the innermost mitochondrial cylin-
der encloses the correct volume fraction of mitochondria to correspond to experimental mea-
surements (which can range from 1%–15%).

PLOS COMPUTATIONAL BIOLOGY Mitochondrial mRNA localization is governed by translation kinetics and spatial transport
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This simplified geometry gives an approximate description of the search process for the
mitochondrial surface, based on the idea that whenever the mRNA wanders far from any
given mitochondrial tubule it will approach another tubule in the network (Fig 1D), so that its
movement can be treated as confinement within an effective reflecting cylinder. Such an
approach has previously been used successfully to approximate the diffusive process of pro-
teins searching for binding sites on long coils of DNA [31]. More detailed geometrical features,
such as the specific junction distribution and confinement of the yeast mitochondrial network
to the cell surface are neglected in favor of a maximally simple model that nevertheless incor-
porates the key parameters of mitochondrial volume fraction and approximate diffusive
encounter time-scale.

Simulations of our stochastic model for simultaneous translation and diffusion can be
carried out with any given set of gene-specific translation parameters (kinit, kelong, L). The
simulated mRNA trajectories are then analyzed to identify the fraction of mRNA found
within the region proximal to the mitochondrial surface (see Methods for details). By
exploring the physiological range of translation parameters, many orders of magnitude of
the mean number of translated MTSs per mRNA (β, see Eq 5) are covered, which also covers
the full range of mRNA binding competence (Fig 1E). We find that, for any set of physiolog-
ical translation parameters, the number of binding-competent MTS sequences (β) is predic-
tive of the fraction of time (fs) that each mRNA spends in the binding competent state (Fig
1E). The greatest variation is near β⇡ 1, where different parameter combinations with the
same average number of exposed MTSs can give competency fractions ranging from
30 − 50%.

Our analytically tractable 4-state model (Fig 1B) indicates that localization fraction should
depend not only on the binding competent fraction fs (related to β) but also on the kinetics of
switching between competent and incompetent states. We explore the effect of translation
kinetics on localization in the stochastic model by varying the initiation and elongation rates
of a fixed-length mRNA (Fig 1F). This approach samples the scope of localization behaviors by
simulating multiple combinations of translation parameters. We include unphysiologically
high elongation rates to compare to the expected behavior from the 4-state model. As
expected, faster elongation rates (which decrease the period an MTS is exposed on an mRNA
and decrease β) result in lower localization, and higher initiation rates (which increase β while
leaving MTS exposure time unaffected) result in higher localization (Fig 1F). While the num-
ber of exposed MTSs, β, can explain much of the effect of changing elongation and initiation
rates (Fig 1G), there is substantial variability in localization around β⇡ 1, with faster elonga-
tion decreasing localization. This result is consistent with the prediction of the 4-state model
that rapid switching of binding competence can lead to lower localization even for equal bind-
ing competent fractions fs.

Physiological translation parameters lead to high mitochondrial binding
competence and localization

Because translation kinetics and length vary between genes, we expect the kinetics of binding-
competence switching and thus the mitochondrial localization to be gene-specific. To explore
the relationship between translation kinetics and mitochondrial localization, we define two
categories of Class II mRNAs that were all found to be localized in respiratory conditions [19]
by their localization sensitivity to translation elongation inhibition by cycloheximide (CHX) in
fermentative conditions [25]. “Constitutive” mRNAs preferentially localize to mitochondria
both in the absence and presence of CHX. “Conditional” mRNAs do not preferentially localize
to mitochondria in the absence of CHX, but do so following CHX application.
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Using protein per mRNA and ribosome occupancy data [22, 37, 38, 42], we estimated the
gene specific initiation rate kinit and elongation rate kelong for 52 conditional and 70 constitu-
tive genes (see Methods). Along with the known mRNA lengths L, these parameters quantita-
tively describe translation of each gene in the yeast transcriptome. These measurements [38]
indicate that conditional and constitutive genes have similar distributions of ribosome occu-
pancy (Fig 2A, inset; see S1 Fig for similar distributions of conditional and constitutive gene

Fig 2. Instantaneous model is insufficient to explain differential mitochondrial localization of different gene groups. (A) Cumulative distributions
of conditional and constitutive mRNA genes vs number of binding-competent ribosomes β (lines indicate fraction of genes with given β or less). β for
each mRNA gene is calculated from gene-specific kinit and kelong that are estimated from experimental data (see Methods). Inset is cumulative
distribution of ribosome occupancy [38], showing ribosome occupancy and β have similar distributions. (B) Violin plot [41] showing mRNA
localization fraction of individual genes with instantaneous model (no maturation delay), with translation kinetics for each gene estimated from
experimental data (see Methods). 4% MVF. For direct comparison to experimental data, mRNA in region 1 (see Fig 1D) recorded as mitochondrially
localized. (C) Mitochondrial localization vs mitochondrial volume fraction for TIM50 and ATP3 with instantaneous model (solid lines), with translation
kinetics for both genes estimated from experimental data (see Methods). For direct comparison to experimental data (dotted lines with circles), mRNA
in regions 1 and 2 (see Fig 1D) recorded as mitochondrially localized. (D) Cumulative distributions of MTS exposure time texpo = (L − lMTS)/kelong. The
steeper rise of conditional genes indicates more conditional gene mRNAs have low exposure times. Translation kinetics for each gene estimated from
experimental data (see Methods). Inset shows the cumulative distribution of elongation rate, for which constitutive genes have a steeper rise, indicating
slower typical elongation, which contributes to the longer exposure times in the main plot.

https://doi.org/10.1371/journal.pcbi.1010413.g002
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ribosome occupancy derived from [43]). Conditional and constitutive genes also have similar
distributions of the number of exposed MTSs, β, as calculated from estimated translation
parameters (Fig 2A). Notably, the predicted β values were relatively large, with 90% of both
constitutive and conditional mRNA estimated to have β> 2. Consequently, the stochastic
simulation predicts median localization fractions above 80% for both the conditional and
constitutive gene groups, with no significant difference between the two groups (Fig 2B). Com-
parison of two specific genes (ATP3 and TIM50) known to have mitochondrial localizations
with distinct dependence on mitochondrial volume fraction [23] also yielded similarly high
localization fractions in stochastic simulations, across all mitochondrial volume fractions
(Fig 2C).

These simulation results using gene-specific estimates of the translation parameters kinit,
kelong, and L (Fig 2B and 2C) run directly counter to experimental measurements. Specifi-
cally, they over-predict mitochondrial localization for transcripts, such as ATP3, that are
known to exhibit low localization values at low mitochondrial volume fractions. Given the
high calculated values of β, and the importance of MTS exposure kinetics in predicting locali-
zation at intermediate β values, we more closely examined the quantities underlying this
parameter, which describes the number of exposed complete MTSs. We find that the distri-
butions of both the elongation rate and the MTS exposure time texpo = (L − lMTS)/kelong sub-
stantially differ between the two gene groups, with conditionally localized genes exhibiting
more rapid elongation and shorter MTS exposure times (Fig 2D; see S2 Fig for similar distri-
butions of conditional and constitutive gene elongation rates derived from [42]). These dif-
ferences in MTS exposure kinetics between the two gene groups point towards a mechanism,
thus far not part of our quantitative model, that would reduce the number of exposed MTSs
(β), allowing for more variability in localization between the two groups. At the same time,
this mechanism should have a greater effect in reducing MTS exposure time in conditionally
localized genes, enabling reduced localization of this group at low mitochondrial volume
fractions.

Mitochondrial binding competence requires a maturation period

To reduce β and MTS exposure time, we introduce into our quantitative model a time delay
between complete translation of the MTS and maturation of the MTS signal to become bind-
ing competent (Fig 1C, kMTS <1). This additional parameter is consistent with evidence
that mitochondrially imported proteins require the recruitment of cytosolic chaperones to
target them for recognition [44] and import by receptors on the mitochondrial surface [45–
47]. During MTS maturation, which could include autonomous folding or interaction with
additional chaperone proteins [48], the MTS becomes capable of binding the mitochondrial
surface.

In the model, MTS maturation is treated as a stochastic process with constant rate kMTS cor-
responding to an average maturation time τMTS = 1/kMTS. This maturation period decreases
the binding-competent exposure time uniformly across all mRNA, and decreases the number
of binding-competent MTS signals (i.e. lowers β) for all mRNA. The maturation period has
the largest effect on short mRNAs with fast elongation, reducing their already short exposure
times. Consequently, it is expected to have a larger effect on conditional versus constitutive
genes.

The additional MTS maturation time does not alter the total time to translate an mRNA
(Ttotal = L/kelong). The ribosome continues elongating during maturation, and is located at a
downstream codon when the MTS becomes binding competent. The mean steady-state
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number of binding-competent MTSs per mRNA is
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For mRNA localization to be sensitive to mitochondrial volume fraction, we expect the
MTS exposure time to be shorter than the diffusive search times at low MVF (slow search,
long search time) and longer than diffusive search times at high MVF (fast search, short search
time). Such an intermediate exposure time will allow for high mitochondrial localization
exclusively at high MVF.

The mean search time for a particle of diffusivity D to find a smaller absorbing cylinder of
radius r1 when confined within a larger reflecting cylinder of radius r2 > r1 is [28]
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The smaller, absorbing radius r1 represents the cylinder sufficiently close to bind the mito-
chondrial surface, while r2 is the cylinder representing a typical distance that the diffusing par-
ticle must move through the cytoplasm to approach a different region of the mitochondrial
network. As the mitochondrial volume fraction decreases, the radius r2 and the diffusive search
time to find the mitochondrial surface tsearch both increase.

To understand the impact of MTS maturation, we consider a typical conditional and consti-
tutive mRNA from each group, using median translation rates and gene length. Fig 3A shows
the exposure time texpo,mature as the maturation time is varied. We find exposure times for a
typical conditional gene to be intermediate between the high and low MVF diffusive search
times when the maturation time is in the range τMTS = 10—100 seconds (Fig 3A). By contrast,
the typical constitutive gene maintains an exposure time that is higher than the diffusive search
time for this parameter range.

In addition to modulating the kinetics of binding competency, the maturation period
decreases the expected number of functional MTS signals per mRNA, β (Fig 3B). For the typi-
cal conditional gene, β decreases to approximately 1 for maturation times of 40—50 seconds,
while β⇡ 2.5 for the typical constitutive gene in this range. The introduction of the MTS matu-
ration time can thus selectively shift the expected number of functional MTS signals on condi-
tional mRNA to the intermediate range (β⇡ 1) necessary to allow for MVF sensitivity in the
localization behavior. Under the same conditions, the constitutive mRNA would maintain a
high number of functional MTSs and thus should remain localized even at low MVF.

Fig 3C shows how the localization for the prototypical conditional and constitutive mRNA
varies with the maturation time. For very rapid MTS maturation (τMTS! 0), the MTS matura-
tion model shows consistently high localization, as expected from the earlier model wherein
the MTS became binding competent immediately upon translation. As the MTS maturation
time increases and binding competency drops, both typical conditional and constitutive
mRNA decrease their mitochondrial localization. However, the localization of the typical con-
ditional mRNA begins to fall at approximately 10 seconds of maturation, while constitutive
mRNA localization remains high until approximately 40 seconds of maturation. To provide a
specific estimate of the maturation time, we determine the maturation times for which the
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Fig 3. MTS binding-competence maturation time underlies distinct mitochondrial localization behavior of conditional and constitutive
genes. (A) Mean exposure time of a binding-competent MTS before completing translation (Eq 7) vs binding-competence maturation time.
Data for median conditional (L = 393 aa, kinit = 0.3253 s−1, kelong = 14.5086 s−1) and constitutive genes (L = 483 aa, kinit = 0.1259 s−1, kelong =
7.7468 s−1) is shown. Horizontal dashed lines are the mean diffusive search times (Eq 8) to reach binding range of mitochondria (region 1 in
Fig 1D). (B) βmature (mean number of mature binding-competent MTS signals, Eq 6) vs maturation time for median conditional and
constitutive genes. (C) Mitochondrial localization (to region 1) vs maturation time for median conditional and constitutive genes with 4%
MVF. Horizontal dotted lines indicate experimental localization medians. 40 second maturation time (vertical dashed line) allows model to
match experimental localization for both conditional and constitutive genes. (D) Cumulative distribution of βmature (mean mature MTS signals
per mRNA) for conditional and constitutive genes. Steeper rise of conditional genes indicates more conditional genes have low β than
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Figure 3.3: MTS maturation time underlies distinct mitochondrial localization behavior of conditional and constitutive
genes

23



CHAPTER 3. TRANSLATION AND DIFFUSION KINETICS COMBINE TO REGULATE CLASS II MRNA
LOCALIZATION IN BREWER’S YEAST

model predicts the median experimental localization for conditional and constitutive genes
(Fig 3C, intersection of dotted lines and solid lines). A single value of τMTS⇡ 40 seconds yields
a simultaneous accurate prediction for the localization of both groups (Fig 3C, dashed).

Overall, the experimental data is consistent with a single gene-independent time-scale for
MTS maturation. The stochastic model with a 40-second MTS maturation period was next
applied to each of the conditional and constitutive mRNAs, for which translation parameters
were calculated individually. With this maturation time, βmature is substantially lower for con-
ditional mRNA in comparison to constitutive mRNA (Fig 3D).

For conditional mRNAs without the maturation period (kMTS!1), the median MTS
exposure time is greater than the diffusive search time (Fig 3E, dashed black line). With a mat-
uration time of τMTS = 40 s, the median conditional MTS exposure time decreases to be faster
than diffusive search (Fig 3E). In contrast, constitutive mRNAs retained a median MTS expo-
sure time longer than the diffusive search time, both with and without the 40-second matura-
tion period.

Mitochondrial localization of conditional mRNAs is sensitive to inhibition
of translational elongation and to mitochondrial volume fraction

Using the stochastic model with a 40-second MTS maturation period, we compute the locali-
zation of individual mRNAs in the constitutive and conditional groups, at a low mitochondrial
volume fraction of 4%. Unlike the instantaneous model (with no MTS maturation delay), the
localization of conditional genes is predicted to be significantly lower than that of constitutive
genes (Fig 4A). While introduction of this maturation time distinguishes the mitochondrial
localization of conditional and constitutive gene groups (Figs 4A vs 2B), changes to diffusivity
are unable to separate the two gene groups (S3 Fig).

Furthermore, we use our model to predict localization in the presence of cycloheximide
(CHX), which halts translation [49]. The localization difference in response to CHX applica-
tion was used originally to define the constitutive and conditional groups [25]. The effect of
CHX is incorporated in the model by assuming that all mRNAs with an exposed MTS at the
time of CHX application will be able to localize to the mitochondrial surface, since further
translation will be halted by CHX. We therefore compute from our simulations the fraction of
mRNAs that have at least one fully translated (but not necessarily mature) MTS, defining this
as the localization fraction in the presence of CHX. The model predicts that conditional genes
will have a substantial difference in localization upon application of CHX, while the difference
for localization of constitutive genes will typically be much smaller (Fig 4B). Qualitatively, this
effect is similar to the observed difference in localization for experimental measurements with
and without CHX (Fig 4C).

The predicted mitochondrial localization of the two example mRNAs, ATP3 and TIM50, is
shown in Fig 4D as a function of mitochondrial volume fraction. The model predicts ATP3
localization is strongly sensitive to MVF, switching from below 30% at low MVF to above 70%
localization at high MVF. By contrast, high localization of TIM50 is predicted regardless of the
MVF. The sensitivity of ATP3 and insensitivity of TIM50 localization to the MVF is consistent
with experimental measurements indicating that ATP3 exhibits switch-like localization under
different metabolic conditions, while TIM50 remains constitutively localized [23] (Fig 4D,

constitutive genes; compare to Fig 2A, which lacked MTS maturation time. (E) Violin plot showing model exposure times with 40-second
MTS maturation and the instantaneous model without MTS maturation (kMTS!1). 4% MVF. Median conditional exposure time with
maturation is below the diffusive search time to find the binding region (horizontal dashed line, Eq 8 for 4% MVF) while the other three
medians are above this search time. For (C)—(E), the translation kinetics for each gene are estimated from experimental data (see Methods).

https://doi.org/10.1371/journal.pcbi.1010413.g003

PLOS COMPUTATIONAL BIOLOGY Mitochondrial mRNA localization is governed by translation kinetics and spatial transport

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1010413 August 19, 2022 12 / 28

24



CHAPTER 3. TRANSLATION AND DIFFUSION KINETICS COMBINE TO REGULATE CLASS II MRNA
LOCALIZATION IN BREWER’S YEAST

Fig 4. MTS maturation time distinguishes mRNA localization of conditional and constitutive genes. (A) Violin plots of mitochondrial
localization of conditional and constitutive genes for model with 40-second maturation time; compare to Fig 2B, which lacked MTS
maturation time. p-value = 0.5% for two-sample Kolmogorov-Smirnov test for a difference between conditional and constitutive localization
distributions. (B,C) Violin plots of localization increase upon cycloheximide application for model with 40-second MTS maturation time (B)
and from experiment (C). (D) Mitochondrial localization for ATP3 and TIM50 vs MVF for model with 40-second MTS maturation time.
Solid lines are CHX-, which closely corresponds to experimental data [23] shown with dotted lines with circles. Dashed lines are CHX +
model predictions, exhibiting large increase upon CHX application for ATP3 and limited increase for TIM50. (E) Comparing model
mitochondrial localization results for ATP3 to similar hypothetical construct gene with decreased elongation rate and initial rate selected to
maintain either MTS number β or mature MTS number βmature. (F) Comparing model mitochondrial localization results for median
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dotted lines with circles). Dashed lines in Fig 4D show the predicted localization after CHX
application, highlighting the difference in response to CHX between ATP3 and TIM50.

The introduction of a delay period for MTS maturation both reduces the average number
of binding-competent MTSs on each mRNA (lower β) and decreases the exposure time of
each MTS. The latter effect results in faster switching between binding-competent and incom-
petent states for an mRNA. In the basic 4-state model, we saw that a steep sensitivity to the spa-
tial region available for binding depends on having relatively rapid binding-state switching
kinetics compared to the diffusion timescale (Fig 1B). As shown in Fig 3, the exposure time for
conditional mRNAs is intermediate between the diffusive search times at high and low mito-
chondrial volume fractions. We therefore expect that the high rate of losing binding compe-
tence associated with the limited MTS exposure time to be critical for the switch-like response
to mitochondrial volume fraction by ATP3.

As initiation rate can compensate for slowing translation elongation rates to maintain ribo-
some density [50, 51], we consider hypothetical constructs which have the same average ribo-
some density (equal β) or mature MTS number (βmature) as ATP3, but 4-fold slower
translational elongation rates. This results in slower switching kinetics, causing high localiza-
tion and a loss of sensitivity to mitochondrial volume fraction (Fig 4E). We also consider how
translation rate adjustment could control mRNA localization while remaining at a fermenta-
tive mitochondrial volume fraction (4%). Localization substantially decreases with increasing
elongation and initiation rates for the median conditional gene and ATP3, while localization is
less responsive to increased translation rates for the median constitutive gene and TIM50 (Fig
4F). For responsive genes, translation rate modulation can adjust localization in a similar man-
ner to mitochondrial volume fraction, with the potential for targeting of specific genes.

Overall, these results highlight the importance of translation kinetics, including both elon-
gation rates and the maturation time of the MTS, in determining the ability of transcripts to
localize to the mitochondrial surface. These kinetic parameters determine not only the equili-
brated fraction of mRNAs that host a mature MTS but also the rate at which each mRNA
switches between binding-competent and incompetent states. In order to achieve switch-like
localization that varies with the mitochondrial volume fraction or CHX application, a tran-
script must exhibit an average of approximately one binding-competent MTS, with an expo-
sure time that is intermediate between diffusive search times at low and high MVFs.

Discussion

We have investigated, using quantitative physical modeling and analysis of yeast transcriptome
data, the role of translation kinetics in controlling MTS-mediated localization of nuclear-
encoded mRNA to mitochondria. Specifically, we explored how mRNA binding competence
and association with the mitochondrial surface, across a range of cellular conditions, is gov-
erned by the interplay of timescales for translation and cytoplasmic diffusion. We compared
two sets of mRNA: one that is localized conditionally, when mitochondrial volume is
expanded or when translational elongation is halted by cycloheximide, and another that local-
izes constitutively regardless of these conditions. For these 52 conditional and 70 constutitive
mRNA we estimated gene-specific translation kinetics to apply in the model. Our analysis
indicates that these two sets of transcripts exhibit global differences in translation kinetics, and

conditional and constitutive genes, ATP3, and TIM50 as both elongation and initiation rates (ktranslate) are varied. ktranslate,0 is the elongation
or initiation rate for each of ATP3, TIM50, and median conditional and constitutive genes. For all panels, the translation kinetics for each
gene are estimated from experimental data (see Methods). For (F), see Fig 3 for median conditional and constitutive translation kinetics. (A),
(B), and (F) use 4% MVF.

https://doi.org/10.1371/journal.pcbi.1010413.g004
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that these differences control mRNA localization to mitochondria by adjusting the number
and duration of exposure for mitochondrial targeting sequences (MTSs) that are competent to
bind to the mitochondrial surface.

It has previously been noticed when comparing mitochondrially localized versus non-local-
ized yeast mRNAs, that localized mRNAs have features that reduce translation initiation and
lower ribosome occupancy [52]. This observation seemed counterintuitive as MTS exposure
was thought to be important for the localization of many of these mRNAs and hence higher
ribosome occupancy would be expected to enhance localization by increasing the number of
exposed MTSs [25, 53]. Lower occupancy was proposed to drive mRNA localization through
increased mRNA mobility of a poorly loaded mRNA [52], as more mobile mRNA could more
quickly find mitochondria when binding competent, increasing the localization of these
mRNA. By contrast, our results imply an alternate prediction—that translational kinetics lead
to enhanced localization of longer mRNAs, due to the increased number of loaded ribosomes
bearing a binding-competent MTS. Indeed, constitutively localized mRNAs are on average
longer than conditionally localized mRNAs. We show that translational parameters which
yield a moderate number of approximately 1—2 binding competent ribosomes (via associated
MTSs) per mRNA nevertheless allow robust localization under physiological conditions. Fur-
thermore, this model occupancy allows for localization levels to be steeply sensitive to mito-
chondrial volume fraction, enabling transcript localization to be modulated by the MVF
during changes to nutrient conditions and the metabolic mode. By constrast, transcripts with
a high occupancy are expected to remain constitutively localized to mitochondria, regardless
of the metabolic state of the cell. Thus, tuning of translational kinetics allows for differential
response of transcript localization under varying nutrient conditions without the need for
additional signaling pathways.

Translation kinetics can widely vary between genes, with greater than 100-fold variation in
mRNA translation initiation rates and approximately 20-fold variation of elongation rates in
yeast [42]. Translation duration can be further impacted by the length of the coding sequence.
Constitutively localized mRNAs are on average longer and have slower translation elongation
than conditionally localized mRNAs. Experimentally testing our proposal for translation-con-
trolled localization would involve using combined mRNA and live translational imaging (as
yet undeveloped in yeast), to directly measure translation and correlate localization with a
time delay, presenting a fruitful pathway for future study. Cis regulators of translation elonga-
tion rates include mRNA features such as codon usage, codon context, and secondary struc-
tures [54, 55]. For the constitutively localized mRNA TIM50 it was previously found that a
stretch of proline residues, which are known to slow ribosome elongation, were necessary to
maximize mRNA localization of this mRNA to the mitochondria [23].

To investigate the role of these varied parameters, we first explore an abstracted four-state
model, wherein each transcript can be near or far from the mitochondrial surface and compe-
tent or not for binding to the mitochondria. This model shows that increasing the equilibrium
fraction of time in the binding-competent state is indeed expected to enhance mitochondrial
localization. Furthermore, the simplified model demonstrates that in order for transcript local-
ization to be sensitive to the fraction of space where binding is possible (i.e., the mitochondrial
volume fraction), the kinetics of switching in and out of the binding-compentent state must be
relatively rapid compared to the kinetics for spatial movement.

We then proceed to develop a more detailed model that explicitly incorporates translational
initiation and elongation, the formation of an MTS that enables mitochondrial binding, and
diffusive search for the mitochondrial surface. This model confirms that tuning of the transla-
tion parameters can substantially alter mitochondrial localization, but only in a regime where
the ribosome occupancy of the transcripts is relatively low. Surprisingly, plugging
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physiological parameters into this instantaneous model resulted in the prediction that all
mRNA transcripts studied would be highly localized to mitochondria in all conditions. In
other words, the physiological parameters appeared to be in a regime where most transcripts
had multiple binding-competent MTS sequences with long exposure time, resulting in global
localization.

Motivated by differences in transcript length and elongation rate between constitutive and
conditional gene groups, we incorporated an MTS maturation period into the model, driving
the system into a parameter regime with lower numbers of binding-competent MTSs and
shorter MTS exposure times, particularly for the more rapidly elongating and shorter condi-
tional transcripts. Although we are unable to directly attribute this maturation period to a par-
ticular process, it aligns with other observations related to mitochondrial protein import. It is
known that mitochondria targeting sequences mediate interactions with mitochondrial recog-
nition machinery, namely TOM22 and TOM20 subunits of the translocase of the outer mem-
brane (TOM) complex, and are necessary for efficient protein import into the mitochondria
[56]. The folding process for some proteins that must be recognized and imported into mito-
chondria occurs on a timescale that competes with translocation [57, 58]. Furthermore, the
formation of a secondary structure has been shown to be required for import of MTS-bearing
proteins into mitochondria [59]. Together, these observations suggest the MTS is likely to
require time to mature prior to becoming fully competent. Slowed translation has been sug-
gested as providing an opportunity for proteins to fold, implying the MTS maturation time
may also be regulated by translation kinetics [60].

In addition, molecular chaperones such as Hsp70 and Hsp90 are important for the delivery
and recognition of the mitochondrial preproteins to the Tom70 receptor [46, 61]. Hsp70
expression levels have been found to have a direct effect on mRNA localization to the mito-
chondria [62]. STI1 is another cochaperone of Hsp70 and Hsp90 chaperones that plays a role
in recognizing mitochondrial preproteins and mediates targeting to the mitochondria [47].
While the diffusive search for a newly-synthesized MTS by chaperones is expected be very fast
(⌧40 s), chaperone- and co-chaperone-mediated folding can occur on timescales comparable
to 40 seconds, including approximately tens of seconds in bacterial homologs [63, 64] and
> 100 seconds for human chaperone-mediated folding [65]. All of these data point to the need
for a delay time between MTS translation and its maturation into a binding-competent state,
via either autonomous folding or association with a chaperone, before it can be optimally rec-
ognized by the surface of the mitochondria.

Upon incorporation of a uniform (gene-independent) 40-second MTS maturation time
into the model, we found that many genes fell into a parameter regime with only a few mature,
binding-competent MTS sequences per transcript, and with intermediate exposure times for
those sequences. This single choice of the maturation time made it possible to simultaneously
match the expected localization of prototypical constructs representing both the constitutive
and conditional gene groups. This choice of parameter yielded a mature MTS exposure time
in the conditional gene that was longer than the diffusive search time at high mitochondrial
volume fraction, yet shorter than the search time at low volume fraction. Consequently, the
model with an MTS maturation time could adequately predict the decreased localization of
conditional genes under metabolic conditions with low MVF, while genes in the constitutive
group were localized regardless of the MVF. Previous experimental work suggested that chang-
ing mitochondrial volume fraction could control mitochondrial mRNA localization [23]—our
quantitative modeling work provides further support for this mechanism of regulating mRNA
localization.

Notably, conditional localization in our model required not only a modest number of
mature MTS per transcript (βmature⇡ 1) but also relatively fast translational initiation and
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elongation kinetics (short exposure times compared to diffusive search). This result demon-
strates the out-of-equilibrium nature of the localization process, wherein localization is dic-
tated by the kinetic rates themselves rather than their ratios or the equilibrated fraction of
transcripts in different states. This feature arises due to broken detailed balance [66] in the
kinetic scheme illustrated in Fig 1A, wherein binding-competent transcripts bind irreversibly
to the mitochondrial surface and can be dislodged only by the completion of the energy-con-
suming translation process. Subcellular localization of mRNA can thus be added to the exten-
sive list of biomolecular processes wherein the tools of non-equilibrium statistical mechanics
elucidate the relevant physical parameters governing system behavior [6, 7, 33–36].

While we have focused on how variation in translational kinetics between genes can impact
mitochondrial mRNA localization, there is also significant variation in mRNA decay time-
scales [67, 68]. Our model suggests (see S4 Fig) that the mRNA decay timescale has a limited
effect on mitochondrial mRNA localization, unless the decay time is sufficiently short to com-
pete with the timescale for a newly-synthesized mRNA to first gain binding competence. We
leave specific factors thought to modulate mRNA decay, such as ribosome stalling [69], as a
topic of future study.

In this work our quantitative model assumed uniform ribosome elongation rates along
mRNA transcripts. In the presence of ribosome interactions, such dynamics can lead to both
uniform and non-uniform ribosome densities and effective elongation rates along the tran-
script [70, 71]. With these uniform ribosome elongation rates, previous theoretical results sug-
gest that collisions will be rare [70, 71]. However, elongation may not be homogeneous along
an mRNA transcript, due to factors such as tRNA availability [72], boundaries between protein
regions [73], amino acid charge [74], and short peptide sequences related to ribosome stalling
[75]. We have found that slow (homogeneous) elongation facilitates mitochondrial mRNA
localization, by providing time for MTS maturation, diffusive search, and to maintain bind-
ing-competent MTS-mediated mRNA binding to mitochondria. We expect that inhomogenei-
ties in elongation rate along mRNA could either enhance or reduce mitochondrial mRNA
localization, controlled by whether slower elongation is in regions that favor longer MTS expo-
sure. For example, a ribosome stall site following full MTS translation could provide more
time for MTS maturation and facilitate mitochondrial localization. Future experimental work
could identify such stalling sequences and point towards how modeling can improve under-
standing of sequence impact on localization.

From the perspective of biological function, it remains unclear why some mitochondrial
mRNAs localize conditionally under different metabolic conditions, while others remain con-
stitutively localized. Both types contain an MTS [25, 76] and code for proteins rich in hydro-
phobic residues that are susceptible to misfolding and aggregation in the cytosolic space [44].
One reason for the differential localization may center on the altered function of mitochondria
from fermentative to respiratory conditions. ATP synthase, the linchpin of the mitochondrial
OXPHOS metabolic process, is comprised of subunits of both prokaryotic and eukaryotic ori-
gin [77]. Interestingly, all but one of the prokaryotic-origin subunits are conditionally localized
to the mitochondria [23]. As mitochondrial mRNA localization has been found to be sufficient
to upregulate protein synthesis [23, 78] we posit that conditional or switch-like localization
behavior is a post-transcriptional regulation mechanism of protein synthesis that is sensitive to
mitochondrial growth and metabolic state. In particular, this mechanism can act globally,
altering expression levels for a large set of transcripts, even without the involvement for spe-
cific signaling pathways to adjust protein synthesis in response to metabolic state.

Furthermore, we propose that the effects of a respiratory metabolic state, which increases
mitochondrial volume fraction and decreases the mRNA diffusion search time, can be mim-
icked through global translation elongation inhibition by pushing MTS signal dynamics into a
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much slower regime than mRNA diffusive search, potentially altering mitochondrial composi-
tion. This hints at translation elongation inhibition as an avenue or tool for toggling metabolic
modes within the cell. Similar means of post-transcriptional regulation may take place in
mammalian cells as genome-wide mRNA localization measurements to the mitochondria
have found a class of mRNAs that are constitutively localized while others are found to become
localized after CHX administration [79].

Our results link the nonequlibrium physics governing localization of transiently binding-
competent mRNA and the observed differential response of transcript groups that localize
to mitochondria under varying metabolic conditions. The general principles established
here, including the importance of translation kinetics and transport timescales to the organ-
elle surface, apply broadly to cellular systems that rely on a peptide targeting sequence for
co-translational localization of proteins. For example the localization of mRNAs encoding
secretory proteins to the surface of the endoplasmic reticulum (ER) through interactions
between the signal recognition sequence on the nascent peptide, the signal recognition parti-
cle that binds it, and receptors on the ER surface, may well be governed by analogous princi-
ples [80, 81]. By coupling together quantitative physical models and analysis of measured
translational parameters for the yeast transcriptome, this work provides general insight on
the mechanisms by which a cell regulates co-translational localization of proteins to their
target organelles.

Methods

Simplified discrete-state model

Fig 1A describes a minimal model for mRNA localization with four discrete states: sticky and
close (SN), sticky and far (SF), not sticky and close (UN), and not sticky and far (UF). mRNA
can transition between these states with rates kR, kL, kU, and kS, as shown in Fig 1A. These tran-
sitions are mathematically described by

dSN
dt
à kSUN á kRSF � kUSN ; Ö9aÜ

dSF
dt
à kSUF � ÖkU á kRÜSF ; Ö9bÜ

dUN

dt
à kUSN á kRUF � ÖkS á kLÜUN ; Ö9cÜ

dUF

dt
à kUSF á kLUN � ÖkS á kRÜUF : Ö9dÜ

Note that there is no direct transition from SN to SF because if an mRNA is bound to the mito-
chondria it cannot leave the mitochondrial vicinity. Setting all derivatives in Eq 9 to zero, the
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steady-state solution is

ŜN à
1

Z
kRkSÖkL á kR á kS á kUÜ

kLkUÖkR á kUÜ
; Ö10aÜ

ŜF à
1

Z
kS

kR á kU
; Ö10bÜ

ÛN à
1

Z
kRÖkR á kS á kUÜ

kLÖkR á kUÜ
; Ö10cÜ

Û F à
1

Z
; Ö10dÜ

with

Z à ÖkS á kUÜâkLÖkR á kUÜ á kRÖkR á kS á kUÜä
kUkLÖkU á kRÜ

; Ö11Ü

for state probabilities ŜN á ŜF á ÛN á Û F à 1.
In the regime where mRNA transport is much faster than the binding-competence switch-

ing rate (kR, kL� kU, kS), the near fraction is

PN à ŜN á ÛN ’ fs á Ö1� fsÜfd ; Ö12Ü

where fs = kS/(kS+ kU) and fd = kR/(kR+ kL). In the opposite regime, where mRNA transport is
much slower than the binding-competence switching rate (kR, kL⌧ kU, kS), the near fraction
is

PN ’
1

1á Ö1� fsÜÖ1� fdÜ=fd
: Ö13Ü

Stochastic simulation with translation and diffusion

We use stochastic simulations to determine mitochondrial mRNA localization and fraction of
time spent in the binding-competent state. Individual (non-interacting) mRNA molecules are
simulated from synthesis in the nucleus to decay in the cytosol.

mRNA synthesis, translation, and MTS binding competence. The mRNA simulation
begins after exit from the nucleus, as experiments can fluorescently label and track mRNA
once synthesized in the nucleus. The time spent by mRNA in the nucleus is a normally-distrib-
uted time period with mean 60 s and standard deviation of 30 seconds (if a negative time is
selected, the distribution is resampled until a positive time is yielded). After nuclear exit, the
mRNA begins simulated translation and diffusion through the cytosol.

Each mRNA has L codons. Ribosomes arrive and initiate translation with rate kinit if the
first codon is not occupied. Each ribosome on an mRNA moves forward to the next codon at
rate kelong if the next codon is not occupied. A ribosome on the L’th (final) codon completes
translation at rate kelong, leaving the final codon unoccupied. mRNA decay at a rate kdecay once
in the cytosol. The parameters kinit, kelong, and L are varied to represent different genes (see
below for the calculation of kinit and kelong for particular genes). The mRNA decay rate is set to
kdecay = 0.0017 s−1 per mRNA molecule, such that the typical decay time for an mRNA mole-
cule is 600 s. This decay time is consistent with measured average yeast mRNA decay times
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ranging from 4.8 minutes [68] to 22 minutes [67]. Stochastic translation trajectories are gener-
ated using the Gillespie algorithm [82, 83].

We applied two models of mRNA gaining mitochondrial binding competence through
mitochondrial targeting sequence (MTS) translation. For the instantaneous model, mRNA are
competent to bind mitochondria if there is a least one ribosome at or past codon lMTS = 100.
For the maturation model, once a ribosome reaches lMTS = 100, the ribosome will gain compe-
tence to bind the mRNA to a mitochodrion at a rate kMTS. This rate kMTS is included in the Gil-
lespie algorithm, to select when a ribosome will confer binding competence.

Diffusion. The cell volume is defined as concentric cylinders. Fig 1D shows a two-dimen-
sional cross-sectional view of this three-dimensional geometry: the volume extends along the
cylinder axis. The central cylinder is the mitochondria, which is maintained at a radius rm =
350 nm. The radius R of the outer cylinder is selected to establish a desired mitochondrial
volume fraction. A typical yeast cell volume is V = 42 μm3. We assume that 80% of this volume
is not occupied by the nucleus and vacuole, and thus available to mitochondria, the cytosol,
and other cell components. Thus, the mitochondrial volume fraction in the simulation
(r2

m=R2) is set equal to fm/0.8 where fm is the reported volume fraction. Specifically, we set

R à rm=
ÅÅÅÅÅÅÅÅÅÅÅÅÅ
fm=0:8

p
. We note that this outer radius represents not the size of the cell as a whole,

but rather the typical separation between non-proximal tubes within the mitochondrial net-
work. A particle that hits the boundary of this outer cylinder would then begin to approach
either the same or another mitochondrial network tube (see Fig 1D). We thus treat the outer
cylinder as a reflecting boundary.

The simulation uses a propagator approach to sample the transitions of the mRNA between
concentric regions around the mitochondrion, analogous to previous approaches used to sim-
ulate the dynamics of DNA-binding proteins [31] and diffusing organelles [84]. The closest
region (region 1), for radial distances rm < r< ra = rm + 25 nm, is sufficiently close for a bind-
ing-competent mRNA to bind a mitochondrion. mRNA within the intermediate cylindrical
shell (region 2), with ra< r< rb = rm + 250 nm, are sufficiently close to the mitochondrion
that they appear close in diffraction-limited imaging but are not sufficiently close to be able to
bind. The last cylindrical shell (region 3), for rb< r< R, represents the cell region where an
mRNA would not be near any mitochondria.

We estimate the 25-nm binding distance by combining several contributions. The yeast
ribosome has a radius of 13—14 nm [85]. The MTS region, up to 70 amino acids long, forms
an amphipathic helix [39], a form of alpha helix. With an alpha helical pitch of 0.54 nm and
3.6 amino acids per turn, a 31 amino acid MTS (the mean of 20 yeast MTS lengths [86]) is
approximately 5 nm in length. An additional few nanometers of other peptide regions bridging
the MTS to the ribosome provides an estimate of 25 nm for the range of an MTS-bearing
mRNA to bind mitochondria. The 250-nm imaging distance is based on the Abbe limit to res-
olution with visible light [87].

In the simulations, region 1 is treated as a cylinder with an absorbing boundary at ra + ✏. A
particle that first enters the region is placed at initial position ra − ✏ and the first passage time
to the absorbing boundary is sampled from the appropriate Green’s function for radially sym-
metric diffusion in a cylindrical domain [88]. Region 2 is treated as a hollow cylinder with
absorbing boundaries at ra − ✏ and rb + ✏. Particles that enter region 2 from region 1 start at
position ra + ✏ and those that enter from region 3 start at rb − ✏. Region 3 is a hollow cylinder
with absorbing boundary at rb − ✏ and reflecting boundary at R. Particles that enter region 3
from region 2 start at position rb + ✏. The buffer width to prevent very short time-steps at the
region boundaries is set to ✏ = 10 nm. If the sampled transition time for leaving a region occurs
before the next translation process selected by the Gillespie algorithm, the mRNA changes
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regions and the translation state transition times are then resampled. mRNAs that first exit the
nucleus are placed at position r = R.

Binding-competent mRNA in region 1 are unable to leave this region, because they are
bound to the mitochondrion. When a binding-competent mRNA in this region loses binding
competence, the mRNA is given a random radial position within rm < r< ra, with the proba-
bility of the radial position proportional to r.

Simulated mRNA have a diffusivity of 0.1 μm2/s. This diffusivity remains constant across
genes and mRNA states, consistent with experimental measurements showing little depen-
dence of mRNA diffusivity on mRNA length [89] or number of translating ribosomes [15].

Localization measures. We use two types of localization measures, corresponding to dif-
ferent experimental measurements. One measure considers an mRNA localized to mitochon-
dria if the mRNA is close enough to bind (rm < r< rm + 25 nm). This measure corresponds to
experiments that chemically bind nearby mRNA to mitochondria to determine the fraction
localized. The other measure considers an mRNA localized if the mRNA is close enough that
with diffraction-limited imaging the mRNA appears next to the mitochondria (rm < r< rm

+ 250 nm). While quantitatively distinct, these measures do not lead to qualitatively different
results.

Ensemble averaging. For each localization measurement shown in our results, we simu-
late 50 mRNA trajectories from synthesis to decay, with each trajectory having a lifetime
(including time spent in the nucleus) and a fraction of that lifetime spent mitochondrially
localized. The ensemble average is calculated by weighting the fraction localized of each trajec-
tory by the trajectory lifetime,

floc à
P

ifloc;iTlifetime;iP
iTlifetime;i

; Ö14Ü

where floc,i is the fraction of trajectory i spent mitochondrially localized and Tlifetime,i is the
mRNA lifetime for trajectory i. The probability that an mRNA will be included in a localization
measurement, through either experimental localization measurement technique, is propor-
tional to the lifetime of the mRNA.

Calculation of translation rates

We assume that each mRNA produces proteins at a rate kinit, so that the cell produces a partic-
ular protein at a rate NmRNAkinit, where NmRNA is the number of mRNA for a gene. For a steady
state number of proteins, protein production must be balanced by protein decay. We assume
that the primary mode of effective protein decay is cell division, such that each protein has an
effective lifetime equal to a typical yeast division time of Tlifetime = 90 minutes. The steady-state
translation initiation rate is then taken as

kinit à
Nprot=NmRNA

Tlifetime
: Ö15Ü

Protein per mRNA data [22, 37] provides relative, rather than absolute, numbers for the num-
ber of proteins in a cell per mRNA of the same gene. Accordingly, we can rewrite our expres-
sion for kinit as,

kinit à
aP

Tlifetime
; Ö16Ü

where P is the protein per mRNA measurement [22, 37], and α is the proportionality constant.
To calibrate, we use the gene TIM50 as a standard, as there are available measurements of Nprot
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= 4095 [22] and NmRNA,TIM50 = 6 [23]. From Eq 15, kinit,TIM50 = 0.1264 s−1, and with PTIM50 =
15.12 and from Eq 16 gives α = 45.14. With α and P, we estimate kinit across genes.

The steady-state number of ribosomes Nribo on an mRNA balances ribosome addition to
the mRNA at rate kinit and removal at rate kelongNribo/L, such that kelong = kinitL/Nribo. Ribo-
some occupancy R [38] is proportional to the ribosome density Nribo/L. We can thus write,

kelong
kelong;TIM50

à kinit
kinit;TIM50

RTIM50

R
; Ö17Ü

and apply kelong,TIM50 = 4 aa/s [42] to estimate kelong across genes.

Calculating MTS exposure time and mature MTS numbers per mRNA

In this section Eqs 6 and 7 are derived.
We assume MTS maturation is a Poisson process, i.e. with constant rate kMTS. The proba-

bility that an MTS has not yet matured at time t after its translation is I(t) = e − kMTSt. After the
MTS has been translated, the ribosome completes translation after a mean time tmax = (L −
lMTS)/kelong. For an MTS that matures before the ribosome terminates translation, the mean
waiting time twait from MTS translation to maturity is

htwaiti à
R tmax

0
t PmatureÖtÜ dtR tmax

0
PmatureÖtÜ dt

à 1

kMTS

1� e�kMTStmaxÖkMTStmax á 1Ü
1� e�kMTStmax

;

Ö18Ü

where Pmature = kMTSI(t).
A fraction I(tmax) of translated MTS regions do not mature before translation termination,

so the mean time that a mature MTS is exposed on the mRNA is

htexpo;maturei à â1� IÖtmaxÜähtwaiti

à 1

kMTS
1� e�kMTStmaxÖkMTStmax á 1Ü
⇥ ⇤

:
Ö19Ü

The number of mature MTSs per mRNA, βmature, is related to the mean number of ribo-
somes per mRNA codon, ρribo = kinit/kelong. The probability that an MTS is mature at time t
after ribosome initiation is 1 − I(t). The ribosome reaches codon x beyond its initiation point
at time t(x) = x/kelong. Integrating over the codons beyond the MTS region,

bmature à
Z L�lMTS

0

rribof1� IâtÖxÜäg dx

à kinit
kelong

Z L�lMTS

0

1� exp � kMTS

kelong
x

 !" #

dx

à kinit
kelong

L� lMTS �
kelong
kMTS

1� exp � kMTS

kelong
L� lMTSâ ä

 !" #( )

:

Ö20Ü
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Supporting information

S1 Fig. Cumulative distribution of conditional and constitutive mRNA genes vs ribosome
occupancy (lines indicate fraction of genes with given ribosome occupancy or less). Ribo-
some occupancy from Arava et al [43]. nconditional = 54 and nconstitutive = 160. These ribosome
occupancy values cover a distinct range, in comparison to those of Fig 2A, due to distinct
experimental measurement techniques.
(PDF)

S2 Fig. Cumulative distribution of conditional and constitutive genes vs elongation rates
(lines indicate fraction of genes with given elongation rate or less). Elongation rates calcu-
lated with data from and as described in Riba et al [42], with elongation rate equal to protein
synthesis rate divided by ribosome density. nconditional = 9 and nconstitutive = 30.
(PDF)

S3 Fig. Violin plot showing mRNA localization fraction of individual genes with instanta-
neous model (no maturation delay) with translation kinetics for each gene estimated from
experimental data (see Methods) and 4% MVF. (A) is with mRNA diffusivity D = 0.001 μm2/s,
(B) with D = 0.01 μm2/s, (C) with D = 0.1 μm2/s, (D) with D = 0.2 μm2/s, (E) with D = 0.5 μm2/s,
and (F) with D = 1 μm2/s.
(PDF)

S4 Fig. Mitochondrial localization vs mitochondrial volume fraction for ATP3 for model
with 40-second maturation time and with translation kinetics estimated from experimen-
tal data (see Methods). ATP3 mRNA decay time is varied, with the 600 s decay timescale used
in other figures. Decay timescale has limited impact unless it is sufficiently short to compete
with the timescale for a newly-synthesized mRNA to first gain binding competence.
(PDF)

S1 File. Supporting data. Data files and accompanying text files, as well as Matlab programs
to create each plot.
(ZIP)
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Chapter 4

Biophysical mechanism of MTS-mediated

mRNA-mitochondria association may be

conserved to mammalian cells

Eukaryotic cells coordinate the mitochondrial and nuclear genomes to ensure proper stoichiometry of large key

complexes. For example, human ATP synthase comprises 25 subunits of nuclear origin and 2 subunits of mitochondrial

origin [20]. Similarly, S. cerevisiae ATP synthase comprises 17 subunits and requires the coordination of nuclear

and mitochondrial gene expression [21]. Given the degree of conservation between S. cerevisiae and mammalian

mitochondrial proteins, brewer’s yeast has long been a model organism for elucidating the key molecular players in

metabolic switching, mitochondrial biogenesis, and the coordination of the nuclear and mitochondrial genomes.

mRNA localization is a post transcriptional method for regulating gene expression in parallel with transcriptional

methods. The regulation of subcellular mRNA localization has been studied in Drosophila melanogaster embryos

[10], neurons [11], Xenopus laevis oocytes [12], and other eukaryotes [13] with a particular focus on the mechanisms

of recognition and transport by cytoskeleton-associated motor proteins. The current view of mRNA sequences as

subcellular “zipcodes” or localization elements (LEs) [13, 14, 15] that function as recognition sites for RNA-binding

proteins positions the RNA-protein complex, or RNA granule, as the foundation of mRNA localization regulation more

generally.

Similar work has been carried out in S. cerevisiae, identifying RNA-binding proteins (RBPs) and mRNAs that are

transported by cytoskeleton-associated motor proteins [citations ] and studying mRNA sequences through the lens of

RBP recognition motifs [ citation ] or secondary structures [ citation ]. Specific sequences and motifs, e.g. hydrophobic
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regions, in ORFs and untranslated regions have been identified as necessary for proper localization of transcripts to

the endoplasmic reticulum [18] and mitochondria [32, 33]. More recent work has elucidated the kinetics of mRNA

complexation and mitochondrial localization in S. cerevisiae [34, 35, 7] but not in other eukaryotes. While numerous

localization modalities have been posited and studied for decades in mammalian systems, pointing to RBPs for some

transcripts and ribosome-nascent peptide complexes for others [1], diffusion has been largely dismissed as a potentially

important component of mRNA localization after research on inert tracers in the cytoplasm of mouse cells [36, 37].

Following my research into the kinetics of translation, diffusion, and mRNA localization in S. cerevisiae, I applied

the same mathematical modelling to the translation kinetics of nuclear-encoded mitochondrial mRNAs from mammalian

systems and to diffusion search times of mitochondrial networks in mammalian cells. My calculations of translation

rates of transcripts coding for mitochondrial proteins uncovered the same trends we observed in brewer’s yeast for

nuclear-encoded mitochondrial genes. Furthermore, the diffusion search times of mRNAs in mammalian cells were

longer than in brewer’s yeast, but were still close to the translation durations of mRNAs in mammalian cells. The relative

values of diffusive kinetics and translation kinetics are more important for the mechanism of nascent-peptide-mediated

mRNA localization. Given that these trends in translation and diffusion are consistent with what I observed in S.

cerevisiae, we posited that condition-dependent mRNA localization is a conserved post-transcriptional mechanism for

responding to fluctuating metabolic needs of eukaryotic cells.

4.0.1 Translation kinetics of mammalian cells

I analyzed the mitochondrial localization of nuclear-encoded mitochondrial mRNAs reported in HEK293T cells,

and found that the mRNA localization behavior of many genes is conserved from yeast to mammalian cells. Gene

ontology term analysis revealed that in addition to nuclear-encoded mitochondrial genes being largely conserved from

S. cerevisiae to mammalian species, the biological processes are conserved for conditional and constitutive groups.

Calculations found that, like S. cerevisiae, conditionally localized mRNAs tend to have faster translation kinetics than

consitutively localized mRNAs If genes and translation kinetics are conserved, it is plausible that the biophysical

mechanism of localization may be conserved as well. Lastly, I applied the stochastic simulation described in Chapter 2

to mammalian genes in mammalian cells and recapitulated empirical trends in localization for conditionally localized

mRNAs and constitutively localized mRNAs.

I determined the translation initiation rate and elongation rate of my genes of interest by using a published dataset

[31] of translation in U2OS cells. This dataset published relative translation elongation rates that I then standardized

with the globally measured average of 5.6 aa/s [38]. Translation initiation rates were standardized and converted to

units of s�1 with the absolute initiation rate 2.5/min, which is the middle of the range the authors reported for their

well-characterized reporter gene kif18b [31]. After determining the initiation and elongation rates in absolute units, I
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analyzed a dataset on mRNA subcellular spatial heterogeneity in mammalian cell lines to identify possible trends in

translation speeds and mRNA localization.

Similar to findings in yeast, fast translation is a hallmark of conditional mRNA localization HeLa and A549

mammalian cell lines (Figs 4.1, 4.2, and 4.3). Translation data was found for 256 conditional genes (Table 4.1), and

249 of those had ORF lengths greater than the minimal length of 100 aa. (The MTS length is 100 aa in the stochastic

simulation and any gene shorter than that is presumed to use a different MTS-driven import mechanism or none at all.)

Additionally, translation data was found for 126 constitutive genes (Table 4.2), all of which had ORF lengths greater

than the minimal length of 100 aa. Simulations were carried out on all 375 genes after the kMT S value was determined.

Table 4.1: Translation kinetics were calculated for 249 conditional genes. Their mitochondrial enrichment is reported in
units of log2fold in the absence (”CHXminus”) and presence (”CHXplus”) of CHX.

Gene Name ORF (aa) Elongation (aa/s) Initiation (1/s) CHXminus CHXplus

SLC5A3 719 3.21 0.0114 1.49 1.88

SIGMAR1 224 8.3 1.28 1.49 2.06

UXS1 421 4.47 0.0299 1.48 2.14

GALNS 523 2.84 0.0225 1.48 2.27

SERINC2 456 5.25 0.107 1.48 1.82

NPTN 399 5.32 0.12 1.48 1.86

LTBP3 1304 2.12 0.0317 1.48 1.92

MXRA7 205 6.9 0.213 1.47 2.03

SLC39A1 325 6.39 0.711 1.47 2.31

TTC13 861 4.83 0.0839 1.47 2.26

POLG 1240 4.35 0.106 1.47 3.9

ESYT1 1105 3.01 0.124 1.47 1.85

SMPD1 631 3.8 0.107 1.46 2.31

MARS2 594 6.31 0.0642 1.45 3.99

IFNGR1 490 5.47 0.114 1.45 1.82

GRN 594 2 0.0647 1.45 3.02

GGCX 759 2.19 0.0295 1.44 1.96

M6PR 278 6.42 0.379 1.44 2.19

SELO 670 2.92 0.0453 1.44 3.79

TYRO3 891 5.18 0.161 1.44 1.8

TSPAN6 246 7.69 0.23 1.44 2.08
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TEX261 197 6.6 0.197 1.42 1.99

RPN2 632 3.79 0.127 1.42 2.2

SLC29A1 457 4.55 0.0718 1.42 2

SEZ6L2 854 1.77 0.026 1.42 1.95

DEGS1 324 3.9 0.14 1.41 2.05

RFT1 542 5.64 0.0297 1.41 2

TCTN3 608 8.2 0.0487 1.41 1.91

SRPR 639 4.94 0.16 1.4 2.27

CHST11 353 4.65 0.0159 1.4 1.82

GBA 537 2.59 0.157 1.4 2.58

ALG1 465 5.71 0.00402 1.4 2.47

DPAGT1 409 4.46 0.194 1.4 1.86

ERP29 262 4.39 0.0968 1.39 2.13

EPHA2 977 5.16 0.0933 1.38 1.86

TOR1A 333 6.78 0.231 1.38 2

HMGCR 889 3.26 0.0364 1.38 1.8

NAGLU 744 4.02 0.0177 1.38 1.92

SRPRB 272 8.85 0.601 1.38 2.23

SLC19A1 592 7.2 0.0117 1.38 2.1

SLC2A8 478 8.52 0.0888 1.37 1.97

PLTP 494 3.49 0.0369 1.37 2.16

SSR2 184 7.52 0.326 1.37 2.34

IGSF8 614 5.35 0.002 1.36 2.48

ATP1A1 1024 2.49 0.0781 1.36 1.91

HYAL2 474 8.97 0.302 1.36 2.81

ABCB7 754 2.98 0.0182 1.36 4.25

IGFBP2 326 7.34 0.036 1.36 2.82

SCARB1 510 3.68 0.237 1.36 2.15

POMT1 726 2.86 0.0176 1.35 2.08

NCLN 564 6.69 0.268 1.35 2.06

TARS2 719 3.7 0.0912 1.35 4.12

HSPA5 655 4.25 0.101 1.35 2.33
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SLC20A1 680 4.32 0.199 1.35 2.14

DERL2 240 6.74 0.212 1.35 1.93

FAM73A 633 2.33 0.0155 1.34 2.2

PPT2 309 5.52 0.258 1.33 2.38

SIL1 462 4.71 0.0317 1.33 2.04

RHBDD2 365 7.2 0.923 1.33 2.35

TOP3A 1002 3.17 0.0394 1.32 2.82

NAGA 412 6.25 0.118 1.32 2.1

PITRM1 1039 4.23 0.0786 1.32 3.63

CLPTM1 670 4.9 0.158 1.32 2.64

BCAP31 247 6.01 0.152 1.32 2.58

EMC10 263 5.34 0.124 1.32 2.6

DHRS7B 326 5.5 0.0791 1.31 2.06

ATRAID 285 9.63 0.556 1.31 2.41

PDIA4 646 4.14 0.0318 1.31 2.32

PC 1179 2.28 0.00647 1.3 4.48

PCOLCE2 416 4.52 0.00449 1.3 2.24

LSR 650 12.8 0.00261 1.29 2.97

SURF1 301 6.76 0.0914 1.28 2.3

SLC12A9 915 3.04 0.00324 1.28 1.84

TMED9 236 7.41 0.14 1.27 2.29

NDUFB9 180 7.85 0.215 1.26 2.58

LRP5 1616 3.94 0.136 1.26 1.92

CD9 229 4.45 0.0539 1.26 2.26

LMAN2 357 5.84 0.0987 1.25 2.55

SLC2A6 508 2.77 0.0252 1.23 2.13

BTD 544 3.6 0.0333 1.23 2.2

HLA-A 366 6.25 0.544 1.23 2.89

CLPB 708 6.17 0.179 1.22 4.18

CTSA 499 2.77 0.231 1.22 2.68

CHID1 394 6.41 0.0481 1.22 2.25

PNPT1 784 4.21 0.00537 1.21 4.28
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TMEM104 497 4.13 0.0867 1.2 2.01

ACP2 424 5.62 0.365 1.2 2.09

PERP 194 4.4 0.398 1.2 1.88

R3HDM4 269 7.14 0.355 1.19 2.14

ILVBL 633 6.25 0.209 1.19 2.53

XXYLT1 394 7.37 0.235 1.19 1.93

GPAA1 622 6.05 0.358 1.18 2

LAPTM4A 234 5.43 0.154 1.18 2.3

LRPAP1 358 4.28 0.036 1.18 2.86

ST3GAL4 330 7.52 0.307 1.17 2.29

LMF2 708 3.2 0.122 1.17 2.16

SDF4 349 5.31 0.256 1.16 2.3

SELM 146 6.86 0.306 1.15 2.36

HADHB 475 4.2 0.0238 1.15 4.53

CHPF 776 5.35 0.18 1.15 2.22

SCPEP1 453 3.15 0.0444 1.15 2.34

ASAH1 396 4.73 0.0531 1.14 1.86

PLD3 491 3.74 0.153 1.13 2.21

CD81 237 5.92 0.278 1.13 2.17

B3GAT3 336 7.03 0.431 1.13 2.44

FASTKD2 711 4.91 0.0395 1.12 4.04

AUP1 411 9.55 1.64 1.11 2.34

VIMP 190 7.7 0.112 1.1 1.98

OAF 274 7.5 0.0987 1.1 1.9

COX6A1 110 7.48 0.44 1.1 2.89

LMBRD1 541 4.43 0.0567 1.1 1.81

PON2 355 6.27 0.165 1.09 2

ELOVL1 280 6.93 0.332 1.08 1.87

PIGG 976 3.09 0.00511 1.08 2.17

ALG6 508 5.02 0.0248 1.06 2.02

MPDU1 248 10.4 1.93 1.05 2.57

MTIF2 728 6.5 0.148 1.04 3.6
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SLC3A2 569 3.46 0.144 1.04 1.95

CMC1 107 7.81 0.0801 1.03 1.66

PCDH7 1070 5.49 0.0239 1.03 1.95

KIAA2013 635 7.64 0.434 1.02 1.92

GLS 670 2.64 0.0193 1.02 4.01

ALDH4A1 564 5.35 0.0306 1.01 5.14

SUCLG2 433 6.9 0.144 1 3.13

CLPTM1L 539 8.3 1.66 1 1.93

SYNGR2 225 8.69 0.381 0.991 2.17

BCOR 1722 3.11 0.0278 0.99 1.95

SPINT2 253 8.41 0.0158 0.99 2.05

POR 681 2.83 0.0299 0.99 2.35

DLD 510 4.72 0.0789 0.981 4.77

SLC27A4 644 6.67 0.219 0.975 1.99

DOLK 539 6.68 0.134 0.971 1.93

TMED1 228 8.34 0.187 0.969 2.37

SUPV3L1 787 6.09 0.0462 0.968 2.17

DNAJB11 359 6.67 0.0721 0.958 1.8

POMGNT1 661 8.54 0.309 0.957 1.86

PNPLA8 783 5.22 0.0568 0.955 2.11

MFSD10 456 4.18 0.0817 0.955 1.91

PMP22 161 7.17 0.249 0.954 1.82

ORMDL2 154 8.15 0.223 0.947 1.91

MOGS 838 2.74 0.0357 0.94 1.82

MGST3 153 6.04 0.0419 0.933 2.18

METTL17 457 3.5 0.125 0.916 4.1

CHST12 415 4.94 0.0516 0.915 1.82

MINPP1 488 6.32 0.0536 0.914 1.97

AIFM1 614 3.86 0.0912 0.907 4.66

TSPO 170 7.36 0.402 0.901 2.09

NAGPA 516 4.83 0.00221 0.892 1.89

PMPCB 490 4.04 0.0265 0.879 3.99
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SPG7 796 1.74 0.00643 0.871 2.95

STARD3 446 5.76 0.184 0.869 2.24

PSEN2 449 5.38 0.0422 0.861 1.82

SLC26A6 760 2.39 0.0225 0.857 1.91

TTLL4 1200 4.96 0.00694 0.853 2.47

CPT2 659 4.51 0.0344 0.851 3.73

AGTRAP 160 7.67 0.165 0.847 1.92

RPS2 294 6.75 2.35 0.802 1.85

CLN3 439 5.25 0.186 0.8 2.14

ACAT1 428 4.33 0.0506 0.8 3.34

CD320 283 6.98 0.476 0.788 2

COMT 272 6.11 0.3 0.784 1.97

HIST3H2A 131 4.5 0.0159 0.761 1.98

FH 511 5.97 0.0958 0.739 3.59

EPHX1 456 4.2 0.0373 0.725 1.97

ACADVL 656 3.51 0.189 0.696 3.52

XKR8 396 7.31 0.0584 0.694 1.91

PPIB 217 6.33 0.173 0.692 2.13

NENF 173 7.84 0.321 0.671 2.41

IMMT 759 4.02 0.196 0.663 3.35

AFG3L2 798 6.4 0.14 0.661 2.66

TMEM147 225 8.71 0.139 0.649 1.96

PCCB 540 4.98 0.123 0.646 4.13

OGDH 1024 2.68 0.118 0.63 3.99

EBP 231 4.01 0.238 0.61 2.08

NDUFC2 120 7.88 0.31 0.57 1.62

COX5B 130 7.66 0.17 0.558 1.56

RSPRY1 577 8.29 0.179 0.543 2.46

IDH2 453 6.76 0.0752 0.533 2.74

FPGS 588 6.14 0.302 0.529 2.92

KIAA0141 516 4.1 0.122 0.525 2.17

RPL18 189 9.32 2.66 0.513 1.92
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LETM1 740 4.16 0.133 0.497 3.68

RNF181 154 7.15 0.226 0.481 2.13

NLN 705 6.44 0.085 0.458 2.94

PDK1 437 9.83 0.18 0.446 2.18

MRPS22 361 7.32 0.0134 0.408 1.86

TFB2M 397 6.18 0.0155 0.404 2.13

SUCLA2 464 5.89 0.0411 0.346 1.91

ADCK1 524 6.23 0.00917 0.331 3.19

MTPAP 583 4.1 0.0976 0.321 2.45

MRPS5 431 5.72 0.144 0.312 2.11

ATP5A1 554 5.14 0.0783 0.305 2.74

MRPL37 424 8.19 2.51 0.291 2.11

FAM73B 594 3.51 0.0213 0.288 1.83

ME2 585 5.52 0.0625 0.287 3.28

AGK 423 4.87 0.0273 0.283 3.36

TXNRD2 525 4.94 0.066 0.277 3.98

UQCRC1 481 4.67 0.161 0.272 5.08

TOP1MT 602 5.36 0.0499 0.221 2.56

ALDH2 518 3.61 0.041 0.215 4.04

MIF 116 8.89 0.347 0.204 2.01

SDF2L1 222 9.36 0.178 0.202 1.94

CRAT 627 5.2 0.00745 0.192 2.8

SHMT2 505 5.22 0.265 0.191 2.34

PISD 376 4.42 0.092 0.188 2.68

ALDH7A1 540 3.99 0.0195 0.185 2.9

CECR5 394 6.31 0.226 0.171 2.7

YARS2 478 4.41 0.121 0.171 3.62

FASTKD1 848 4.94 0.0172 0.158 2.11

VKORC1 164 8.6 1.89 0.129 1.87

ERAL1 438 6.66 0.251 0.126 3.58

ATP5B 530 5.97 0.335 0.122 3.78

C1QBP 283 8.74 0.443 0.121 1.78
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ATP5G1 137 9.31 0.616 0.106 1.89

LONP1 960 4.29 0.467 0.0889 2.46

PPOX 478 3.27 0.00816 0.0715 2.43

PTCD3 690 4.7 0.0643 0.0596 3.63

FDXR 498 5.1 0.0279 0.0538 1.51

HADHA 764 3.61 0.19 0.0529 3.25

NDUFS2 464 4.42 0.127 0.0526 3.23

NDUFA9 378 6.47 0.156 0.051 2.41

MRPS30 440 7.54 0.257 0.00357 2.89

SIGIRR 411 7.4 0.0512 -8.06E-05 2.24

CS 467 5.63 0.875 -0.00614 3.20E+00

BCKDK 413 7.38 0.527 -0.0067 2.31

HSPD1 574 6.65 0.163 -0.055 2.23

L2HGDH 464 2.72 0.0448 -0.0669 2.26

NARS2 478 7.45 0.0141 -0.0727 2.21

CHDH 595 2.56 0.0021 -0.102 2.22

RABAC1 186 7.76 0.328 -0.135 2.2

UQCRC2 454 6.06 0.208 -0.14 2.61

GPT2 524 6.57 0.097 -0.146 2.16

COQ3 370 10.6 0.113 -0.151 1.95

ADCK3 648 3.06 0.057 -0.162 2.19

ALDH9A1 519 5.88 0.253 -0.192 2.49

NDUFV1 465 5.32 0.12 -0.194 1.96

HSPA9 680 4.92 0.159 -0.204 2.91

MTO1 693 5.47 0.193 -0.241 2.56

PDP2 530 2.96 0.0189 -0.247 1.89

CLPX 634 5.91 0.17 -0.295 2.49

RNMTL1 421 6.25 0.0261 -0.32 2.44

NDUFA10 356 5.02 0.0557 -0.336 2.28

TIMM44 453 6.03 0.326 -0.397 2.56

CKMT1A 418 3.67 0.005 -0.426 1.88

SARS2 519 5.34 0.12 -0.454 2.75
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PDHA1 391 5.5 0.0756 -0.474 2.24

GOT2 431 5.74 0.438 -0.523 2.38

NDUFS6 125 7.9 0.0627 -0.529 1.54

DDX28 541 6.18 0.0301 -1.17 1.87

Table 4.2: Translation kinetics were calculated for 126 constitutive genes. Their mitochondrial enrichment is reported
in units of log2fold in the absence (”CHXminus”) and presence (”CHXplus”) of CHX.

Gene Name ORF (aa) Elongation (aa/s) Initiation (1/s) CHXminus CHXplus

PDPR 880 2.24 0.013 4.07 4.61

ALDH18A1 796 4.91 0.113 3.81 5.73

IARS2 1013 4.15 0.134 3.8 5.19

ACAD10 1060 2.38 0.0119 3.25 4.27

MUT 751 3.5 0.0144 3.11 4.97

AARS2 986 2.69 0.0105 3 4.45

LARS2 904 5.53 0.139 2.91 4.96

SIAE 524 4.11 0.00168 2.77 2.9

PCK2 641 2.78 0.0528 2.7 4.35

ACO2 781 4.79 0.191 2.69 4.88

GFM1 752 4.61 0.0615 2.64 4.72

GFM2 780 5.35 0.111 2.64 4.29

MCCC1 726 3.02 0.0359 2.63 4.59

PCCA 729 3.17 0.0189 2.6 4.44

P4HA1 535 5.15 0.0485 2.59 2.29

ACSF2 616 2.26 0.00247 2.56 4.56

CREG1 221 7.54 0.254 2.53 2.76

VWA8 1040 3.43 0.0243 2.53 3.26

GUF1 670 6.27 0.0754 2.5 4.06

AKAP1 904 4.09 0.0964 2.49 4

GNS 553 3.22 0.106 2.47 2.58

ANGEL1 671 4.98 0.0311 2.47 3.06

CTSD 413 2.57 0.111 2.4 3.76

LIPA 400 2.84 0.0464 2.37 2.97
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ELAC2 827 4.1 0.27 2.36 4.68

GPD2 728 5.33 0.152 2.36 4.36

CPT1A 774 4.63 0.14 2.36 3.35

ERLIN2 340 5.95 0.0686 2.33 2.23

CPD 1381 3.18 0.0252 2.3 2.53

ABCB10 739 5.43 0.0359 2.3 3.73

MRC2 1480 2.11 0.00389 2.28 2.68

TFRC 761 2.99 0.0397 2.27 2.24

LMAN1 511 5.16 0.172 2.27 2.42

VARS2 1064 2.15 0.0194 2.26 3.84

FN1 2478 0.494 0.00289 2.22 1.96

NNT 1087 3.28 0.0989 2.22 4.32

PPT1 307 6.21 0.97 2.21 2.95

PSAP 525 2 0.036 2.19 2.9

GANAB 945 2.82 0.125 2.19 3.11

LGALS3BP 586 2.87 0.257 2.18 2.26

F11R 300 4.31 0.057 2.18 2.31

RETSAT 611 4.26 0.14 2.15 2.24

P4HA2 536 2.88 0.0197 2.15 2.41

NLRX1 976 5.63 0.0405 2.13 3.82

FKBP9 571 3.52 0.113 2.13 1.92

OMA1 525 3.94 0.0246 2.13 3.88

CALU 316 4.25 0.0518 2.12 2.35

PLOD2 759 4.12 0.0641 2.11 2.12

QPCTL 383 4.95 0.176 2.11 2.99

PIGK 396 5.21 0.154 2.11 2.26

EMC1 994 2.46 0.0593 2.1 2.68

GALNT7 658 4.67 0.14 2.1 2.14

EXT2 719 3.01 0.054 2.1 2.94

SERPINH1 419 5.48 0.704 2.09 3.26

COL18A1 1755 1.31 0.00041 2.08 3.21

QSOX1 748 2.92 0.0314 2.07 2.75
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ARSK 537 3.42 0.0307 2.07 1.85

SUMF2 321 5.99 0.481 2.07 2.43

PCYOX1L 495 2.06 0.00527 2.05 2

MAN2B2 1010 3.48 0.00551 2.05 2.82

HTRA1 481 3.48 0.115 2.04 2.31

GALNT2 572 4.72 0.277 2.03 2.31

LAMC1 1610 1.82 0.0197 2.02 2.13

CLN5 408 7.09 0.0111 2 2.46

CD46 400 4.19 0.287 1.99 2.21

DSC2 902 3.55 0.0117 1.99 1.96

CCDC47 484 4.44 0.0823 1.98 2.17

SCARB2 479 3.83 0.0402 1.97 1.96

CTSB 340 5.73 0.0698 1.97 2.15

PIGO 1090 3.44 0.166 1.97 2.52

PLXNB2 1839 2.75 0.103 1.97 1.81

ABCB8 719 4.01 0.114 1.97 3.83

MIPEP 714 4.36 0.0143 1.96 4.4

PTK7 1071 3.06 0.00345 1.96 2.4

APP 771 2.11 0.0587 1.95 2.65

ITGB1 799 3.06 0.0587 1.95 1.82

IGF2R 2492 0.98 0.00514 1.95 2.05

ECE1 771 2.23 0.0983 1.95 2.3

DAG1 896 3.33 0.0564 1.94 2.34

TMEM87A 556 4.9 0.0562 1.93 2.36

FBLN1 704 3.14 0.0965 1.93 2.31

GAA 953 2.4 0.00635 1.93 2.58

ATP6AP2 351 3.65 0.0486 1.93 2.6

SORL1 2215 3.25 0.00282 1.92 2.12

LAMP2 412 2.71 0.0197 1.92 2.28

PLBD2 590 2.69 0.0319 1.91 2.2

TMEM30A 362 5.2 0.0563 1.91 1.84

CNNM3 708 3.66 0.00359 1.91 2.3
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UBE4A 1074 4 0.0703 1.9 2.12

ELOVL5 300 5.19 0.193 1.9 2.36

DSG2 1119 3.07 0.0368 1.89 1.84

FSTL1 309 4.86 0.209 1.89 2.07

NUP210 1888 1.87 0.0733 1.88 2.2

PTPRF 1899 3 0.00241 1.88 2.36

SPCS3 181 6.2 0.175 1.88 1.85

WLS 542 3.38 0.0991 1.87 2.13

PTDSS1 474 7.42 0.782 1.87 2.02

HSPA13 472 6.24 0.158 1.86 2

ADCK4 545 5.18 0.0286 1.86 3.68

NUCB1 462 3.57 0.0943 1.86 2.89

TMX3 455 3.36 0.0237 1.86 2.06

PROS1 677 6.22 0.0267 1.84 2.05

SLC39A14 493 4.42 0.194 1.83 1.85

ALCAM 584 2.42 0.0189 1.83 1.88

KDELC2 508 4.17 0.01 1.82 1.87

TMEM131 1884 2.45 0.00609 1.82 1.96

NCSTN 710 3.8 0.153 1.81 2.03

NOMO3 1223 2.35 0.0739 1.81 2.2

TAP1 809 7.92 0.0412 1.81 2.4

FITM2 263 7.02 0.00777 1.8 1.92

SEMA3C 752 2.81 0.0478 1.8 1.81

OS9 668 2.58 0.0421 1.8 2.75

PRCP 497 4.25 0.0961 1.8 2.5

KIAA0319L 1050 4.27 0.223 1.79 1.8

ITGAV 1049 2.17 0.0215 1.79 1.88

MFGE8 388 3.34 0.0163 1.78 2.71

AGRN 2046 1.25 0.00559 1.78 2.21

TMEM132A 1025 3.31 0.215 1.78 2.5

PIGT 579 4.86 0.39 1.78 2.64

ITGA6 1074 6.67 0.11 1.76 1.81
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APLP2 764 2.43 0.0247 1.76 2.51

MAN2B1 1012 3.5 0.0192 1.76 2.23

TMBIM6 238 6.91 0.193 1.76 2.22

PVR 418 5.27 0.103 1.76 2.05

POLRMT 1231 3.49 0.079 1.76 4.69

LAMA5 3696 1.13 0.0101 1.75 1.95

Mitochondrial localization was measured in [1] by using direct proximity labelling of mRNA transcripts by the

enzyme APEX2 tethered to the outer mitochondrial membrane (OMM). All RNA transcripts were sequenced and

the authors reported the enrichment of tagged transcripts for individual genes, i.e. an enriched gene has a relatively

high ratio of tagged transcripts versus nontagged transcripts, in units of log2 fold enrichment. Transcripts of known

mitochondrial genes displayed higher enrichment to the OMM than the genome as a whole Fig. 4.4. Within this

group, I further separated genes that had especially high enrichment or changes in enrichment following cycloheximide

(CHX) addition. Translation elongation inhibition by the small drug molecule CHX selectively promotes the mRNA

localization of some genes but not others. This phenomenon was observed by [18] in S. cerevisiae and formed the basis

of my stochastic simulation. I was able to identify subpopulations of CHX-sensitive and CHX-insensitive mRNAs

based on their localization ratios in basal conditions and after CHX addition Fig 4.5.

Consistent with the definitions applied by others [18] in S. cerevisiae, we define conditional localization as log2fold

enrichment < 1.75 in basal i.e. CHX� conditions and log2 fold enrichment >1.75 after CHX addition; constitutive

localization is log2fold enrichment >1.75 in both CHX� and CHX+ conditions Fig.4.6. 126 mitochondrial genes

satisfied the constitutive localization thresholds and 256 mitochondrial genes satisfied the conditional localization

thresholds.

4.0.2 Gene Ontology Term Analysis

I conducted gene ontology (GO) term analysis of the conditional and constitutive groups from both mammalian

cells and S. cerevisiae using the Database for Annotation, Visualization and Integrated Discovery (DAVID) [39]. I

downloaded the Biological Processes GO terms for both groups of both species for further analysis. After discarding

duplicates and terms with a false discovery rate (FDR) < 10�10, I compared and contrasted the terms in the conditional

and constitutive groups of both species. Trends in GO terms are conserved from yeast to mammalian cells, which

supports our hypothesis that the biophysical mechanism of mRNA localization kinetics is conserved from yeast to

mammalian cells.

Genes involved in one or more foundational mitochondrial processes, like mitochondrion organization, mitochondrial

translation, or mitochondrial transport, are found in both groups in both species. Specifically in mammalian cells,
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Figure 4.1: Conditional mRNAs (green) typically have faster elongation rates than constitutive mRNAs (blue) in the
immortal HeLa cell line, the A549 cancer cell line, and brewer’s yeast.
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Figure 4.2: Conditional mRNAs (green) typically have faster initiation rates than constitutive mRNAs (blue) in the
immortal HeLa cell line, the A549 cancer cell line, and brewer’s yeast.
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Figure 4.3: Conditional mRNAs (green) typically have shorter open reading frames than constitutive mRNAs (blue) in
humans and brewer’s yeast.
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Figure 4.4: Nuclear-encoded mitochondrial mRNAs (gray) were enriched at the mitochondrial surface compared to all
mRNAs (black) as a whole. Within the set of mitochondrial mRNAs, subsets of mRNAs with conditional (blue) and
constitutive (green) enrichment were identified. Data was replotted from [1].
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Figure 4.5: Addition of the translation elongation inhibitor CHX increased the relative enrichment of all mitochondrial
mRNAs (gray). By definition, mitochondrial mRNAs whose enrichment increased after CHX addition were classified
as conditional (blue) whereas mRNAs with consistently high enrichment were classified as constitutive (green). Data
was replotted from [1].
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Figure 4.6: Enrichment of a subset of mitochondrial genes at the OMM in units of log2 fold enrichment. 256
mitochondrial genes meet the conditional localization thresholds (green) and 126 mitochondrial genes meet the
constitutive localization thresholds (blue).
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Table 4.3: Gene ontology term analysis of the biological process of the 256 conditional genes and 126 constitutive
genes in HEK293T cells. Duplicates and terms with a false discover rate (FDR) < 10E-10 were discarded.

Biological Processes (Conditional genes) Count FDR
mitochondrion organization 76 1.29E-51
oxidation-reduction process 60 1.30E-36
mitochondrial transport 48 1.17E-34
generation of precursor metabolites and energy 55 1.35E-33
cellular respiration 40 2.14E-32
energy derivation by oxidation of organic compounds 41 3.54E-27
nucleotide metabolic process 55 7.07E-26
ATP metabolic process 38 1.47E-23
electron transport chain 31 5.60E-23
ribose phosphate metabolic process 46 1.16E-21
oxidative phosphorylation 26 1.59E-21
organophosphate metabolic process 60 6.65E-19
mitochondrial translation 24 2.01E-18
protein localization to mitochondrion 20 2.57E-13
cofactor metabolic process 33 4.00E-13
coenzyme metabolic process 29 8.94E-13
mitochondrial RNA metabolic process 14 1.78E-12
carbohydrate derivative metabolic process 52 2.56E-12
cellular amino acid metabolic process 27 3.72E-12
Biological Processes (Constitutive genes) Count FDR
mitochondrial translation 21 3.81E-19
mitochondrion organization 31 4.21E-16
organonitrogen compound biosynthetic process 51 1.84E-15
mitochondrial transport 23 1.79E-14
cellular amide metabolic process 41 5.89E-11
mitochondrial RNA metabolic process 11 2.43E-10

conditional and constitutive groups each contain mitochondrial translation and mitochondrial transport GO terms (Table

4.3); in S. cerevisiae, conditional and constitutive groups each contain mitochondrial translation and mitochondrion

organization (Table 4.4). In both species, the conditional group is involved in more metabolic processes than the

constitutive group. Crucially, the conditional group is involved in oxidation-reduction, aerobic respiration, and cellular

respiration biological processes while the constitutive group is not. Condition-dependent localization is responsive to

changing metabolic needs. Slowing down translation elongation boosts localization of mRNAs that code for proteins

in the electron transport chain, thus promoting localized expression of these genes in parallel with other methods of

transcription regulation.

4.0.3 Computationally determining MTS maturation time for HeLa cells

A parameter sweep was conducted to determine the global value of the free parameter kMT S. A representative

conditional gene and a representative constitutive gene were created from the median values of the ORF length (aa),

elongation rate (aa/s) and initiation rate (s�1) in the conditional and constitutive cohort, respectively (Table 4.5).
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Table 4.4: Gene ontology term analysis of the biological process of the 182 conditional genes and 208 constitutive
genes in brewer’s yeast. Duplicates and terms with a false discover rate (FDR) < 10E-10 were discarded.

Biological Processes (Conditional genes) Count FDR
cellular respiration 31 7.89E-18
aerobic respiration 24 9.93E-15
mitochondrial translation 31 9.93E-15
energy derivation by oxidation of organic compounds 32 9.93E-15
oxidation-reduction process 35 9.93E-15
generation of precursor metabolites and energy 35 1.80E-14
mitochondrion organization 42 2.66E-14
carboxylic acid metabolic process 44 1.14E-10
citrate metabolic process 14 1.47E-10
Biological Processes (Constitutive genes) Count FDR
mitochondrion organization 62 9.98E-29
mitochondrial translation 36 7.92E-18
mitochondrial RNA metabolic process 22 2.72E-17
mitochondrial transmembrane transport 25 1.26E-14

Table 4.5: Representative conditional and constitutive mRNAs were created using the median translation parameters of
the conditional group and the constitutive group, respectively.

Median gene ORF length (aa) Elongation rate (aa/s) Initiation rate (1/s)
Conditional 466 5.49 0.118
Constitutive 712 3.53 0.0563

Figure 4.7: Parameter sweep determined MTS maturation time in mammalian system

(a) Basal binding competency of the median conditional mRNA (green) drops more rapidly with respect to MTS maturation time
(1/kMT S) than the median constitutive mRNA (blue). (b) For maturation times of ⇡ 100 sec, the change in binding competency
starts increasing rapidly for the median conditional mRNA (green).]
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Stochastic simulations of binding competency were conducted on the pair of representative genes using numerous

kMT S values. In general, an appropriate kMT S value should satisfy two related requirements if it is close to the ”actual”

global value. It would result in higher binding competency for the constitutive representative than for the conditional

representative. Given that binding competency generally decreases as kMT S decreases, there should be a regime in

which the conditional mRNA sees a relatively larger change in its binding competency whereas the constitutive mRNA

does not. Additionally, there should be a large increase for the conditional representative mRNA after CHX addition and

a minimal change to the constitutive representative mRNA. Because binding competency depends only on translation

kinetics of the MTS sequence and not on MTS maturation after CHX addition, binding in +CHX conditions does not

vary with respect to kMT S. However, the change in binding competency relative to -CHX conditions does depend on

kMT S. Therefore, the likeliest kMT S value must maximize the binding competency of the constitutive representative

mRNA in all conditions while minimizing the binding competency of the conditional mRNA in basal (-CHX) conditions.

For kMT S values between 1/200 and 1/100 seconds, the basal binding competency of the constitutive mRNA remains

relatively high (⇡ 60%) while the CHX-induced change in binding competency of the median conditional mRNA is

also high (Fig 4.8a).

4.0.4 Stochastic simulation recapitulates experimental observations of conditional and con-

stitutive enrichment at the mitochondria

Conditional genes display a wide range of localization ratios in basal (-CHX) conditions compared to constitutive

genes in basal (-CHX) conditions and compared to the same genes in +CHX conditions (Fig 4.9). Two-sample

Kolomogorov-Smirnov tests were conducted using MATLAB to compare the continuous distributions of localization

ratios across conditions and gene groups. At a 1% significance level, or better, the Conditional group (far left) is

a different continuous distribution compared to the Conditional+CHX condition (second from left). The former is

also a different continuous distribution compared to the Constitutive group (second from right). This indicates that

despite the range of localization ratios observed for both conditional and constitutive groups in the absence of CHX,

their respective distributions are significantly different from each other. These findings support the hypothesis that

translation and diffusion kinetics combine to determine mRNA localization to the mitochondria in mammalian cells.

This co-translational mechanism of mRNA localization is a potential conserved mechanism from yeast that can regulate

gene expression post-transcriptionally in shifting cellular conditions.
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Figure 4.9: Stochastic simulation recapitulates mRNA enrichment observations in mammalian cells
Conditional mRNAs are predicted to have moderate mitochondrial association in basal, fermentative conditions, and
become highly associated after cycloheximide treatment. Constitutive mRNAs are predicted to have high mitochondrial

association in both conditions.
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Chapter 5

Ribosome stalling promotes MTS-mediated

mitochondrial association of

co-translationally targeted mRNAs

Chapter 5, in part is currently being prepared for submission for publication of the material. The dissertation author

was the primary investigator and author of this paper.
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Abstract For many nuclear-encoded mitochondrial genes, a mitochondrial targeting sequence8

(MTS) is required but not su�cient for driving localization of mRNA to the mitochondrial surface.9

During co-translational localization, the MTS on the nascent peptide associates with chaperones10

from the Hsp70 family and others that mediate interactions with the mitochondrial import11

complex. A subset of co-translationally localized mRNAs are constitutively highly enriched at the12

mitochondrial surface while others are conditionally enriched because they exhibit an increase13

following total translation elongation inhibition. Even though both mRNA types contain an MTS,14

the constitutively enriched type was more likely to contain ribosomal stalling motifs, which are15

implicated in chaperone recruitment. While ribosomal stalling slows down overall translation16

elongation rate, constitutively enriched mRNAs also contain longer ORFs, and both characteristics17

result in long translation duration and thus long-lived nascent peptides. Insertion of a18

well-characterized mild ribosomal stalling motif downstream of the MTS promoted mRNA19

localization whereas the absence of a ribosomal stalling motif led to low localization. Our work20

indicates that ribosomal stalling promotes mRNA localization more than ORF length. For21

co-translationally localized mRNAs, translation elongation slowdowns act in coordination with22

chaperone recruitment to regulate the degree of mitochondrial association.23

24

Introduction25

Cells adapt their proteome to changing environmental conditions by controlling protein produc-26

tion at the transcriptional and post-transcriptional level. Similarly, to maintain homeostasis, cells27

regulate gene expression with transcriptional and post-transcriptional methods. In addition to28

regulating protein levels and proteome composition, eukaryotic cells also regulate subcellular or-29

ganization. Proteins can be localized co-translationally, i.e. as part of the mRNA-ribosome complex,30

or post-translationally, i.e. after the fully-translated sequence has terminated translation and is re-31

leased from the mRNA-ribosome complex. Proteins with transmembrane domains [CITATIONS],32

highly structured elements [ CITATIONS], and other folding challenges [ CITATIONS] rely on co-33

translational methods of localization, wherein the mRNA-ribosome complex typically associates34

with a peptide-binding chaperone before completing translation. For co-translationally localized35

proteins, mRNA localization and chaperone recruitment are essential to maintain subcellular or-36

ganization in general and safe-guard membrane proteins and aggregation-prone proteins in par-37

ticular. Nuclear-encoded mitochondrial gene expression is tightly coupled to nutrient conditions38

and cellular metabolic load and is highly reliant on the post-transcriptional process of mRNA local-39
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ization to ensure mitochondrial proteins are imported into the mitochondria Saint-Georges et al.40

(2008); Young et al. (2003). Co-translational import protects these highly structured and hydropho-41

bic membrane proteins from misfolding and aggregation in the cytosol Stein et al. (2019) whereas42

mRNA localization generally helps coordinate the expression of the nuclear and mitochondrial43

genomes Couvillion et al. (2016).44

In brewer’s yeast, hundreds of nuclear-encoded mitochondrial genes are known to contain a45

mitochondria targeting sequence (MTS) on the 5’ end. These mRNAs localize asymmetrically to the46

mitochondria only after the MTS has been translated and the nascent peptide chain containing the47

mitochondria-targeting signal has exited the ribosomal tunnel. Translation can be broken down48

into three sequential steps: initiation, during which ribosomes assemble at the initiation site on an49

mRNA, elongation, during which ribosomes translocate across the mRNA and build upon a nascent50

peptide, and termination, during which ribosomes are removed from the mRNA, recycled, and the51

newly synthesized protein is released.52

While each step of translation is regulated, initiation has generally been considered the rate-53

limiting step and thus subject to the tightest regulation. However, recent studies have illuminated54

the importance of elongation, and elongation rate modulation, in governing proper protein folding55

Thanaraj and Argos (1996); Stein et al. (2019), protein localization Zhao et al. (2021a), and mRNA56

localization Zhang and Shan (2012). For co-translationally imported mitochondrial proteins, the57

recruitment of chaperones to the nascent peptide is required for the formation of a competent58

mitochondrial-targeting complex Hoseini et al. (2016); Deshaies et al. (1988). More generally, a59

regime of moderate ribosome collisions has been identi�ed wherein ribosome stalls can be func-60

tional and important for recruiting peptide-binding chaperones during active translation Zhao et al.61

(2021b).62

When ribosomes encounter certain mRNA sequences, they can pause or stall during translation.63

This can have a signi�cant impact on the �nal protein product and interactions with chaperones.64

Ribosome stalling has been shown to play a role in quality control mechanisms that detect and65

degrade abnormal mRNAs. In the case of non-aberrant translation, ribosome stalling can also66

modulate the folding of nascent proteins and recruitment of peptide chaperones, leading to their67

proper folding or activation as localization signals68

In this study, we used an in vivo quantitative luciferase-based assay to measure elongation time69

for all mRNAs of interest. We quanti�ed the e�ects of two ribosomal stalling motifs on elongation70

duration: non-optimal codons and polyprolines. Codon optimality describes the translational e�-71

ciency of the 61 codons and accounts for numerous biochemical factors, including tRNA availability72

and demand Varenne et al. (1984), frequency of use in the genome, GC content, and interactions73

with the ribosome exit tunnel Charneski and Hurst (2013). Intriguingly, our analysis of Stein et al.74

(2019) reveals that ribosomal stalls can act as binding sites for Ssb, a member of the Hsp70 family of75

chaperones. Hsp70 proteins have a central role in co-translational activity given their widespread76

binding to nascent peptides and their importance to co-translational folding (Doring et al., 2017;77

Hanebuth et al., 2016; Koplin et al., 2010; Willmund et al., 2013). Hsp70s recognize hydrophobic78

sequences, which are vulnerable to misfolding but also common in mitochondrial membrane pro-79

teins. Peptides can have numerous Hsp70 binding sites because their recognition motifs have been80

found 36 amino acids apart, on average, along the linear peptide sequence (Ru�diger et al., 1997).81

Loss of Hsp70 proteins leads to aggregation of nascent peptides (Koplin et al., 2010; Willmund82

et al., 2013), compromising the functional ability of nascent peptides to mediate co-translational83

association of mRNA-ribosome complexes to the mitochondria.84

Co-translationally localized mitochondrial mRNAs, also called Class II mRNAs, associate with85

imort complexes on the outer mitochondrial membrane after translation of the N-terminal mito-86

chondrial targeting sequence (MTS) (Garcia et al., 2010). All Class II mRNAs contain an MTS but87

some are only asymmetrically localized to the mitochondria under certain conditions. MTS swap-88

ping experiments demonstrate that the downstream coding sequence (CDS) Tsuboi et al. (2020);89

Garcia et al. (2010) sets the quantitative localization behavior. In summary, the MTS is required90
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but not su�cient for asymmetric localization to the mitochondria. We created constructs using91

the same MTS (Tim50 aa1-100) and di�erent CDSs to elucidate the mechanism of constitutive lo-92

calization to the mitochondria. We used the MS2-MCP system to locate individual mRNAs in yeast93

during live imaging. We found that mRNAs with ribosomal stall motifs were more about twice as94

likely to be located near the mitochondrial (� 500 ��).95

Results96

Stochastic simulations suggest ribosome stalls are central to constitutive mRNA97

localization98

Tim50 is co-translationally localized to mitochondria. After subtracting the contributions of tran-99

scription and translation initiation, the translation elongation duration of Tim50 was measured100

to be 91 seconds. Given the ORF length of 476 aa, Tim50’s average elongation rate is 5.20 aa/s.101

However, Tim50 contains robust ribosome stalls that contribute disproportionately to ribosome102

dwell time. Downstream of the MTS there is a polyproline-rich site between aa174 to aa187, which103

contain 10 prolines total and 7 consecutive prolines at aa181 to aa187. A ribosome dwells for 15104

seconds on the stretch of 7 consecutive prolines "p7" (aa181-187), resulting in a slow elongation105

rate measurement of 0.44 aa/s along these 7 amino acids. When a larger sequence of 14 amino106

acids "p14" (aa174-187), which contained 10 non-consecutive prolines, was deleted, the translation107

duration di�erence was 30 seconds. This resulted in a similarly slow elongation rate measurement108

of 0.44 aa/s along these 14 amino acids. (Fig 2).109

The polyproline-speci�c elongation rate was incorporated into simulated constructs with or110

without p7 and p14 insertions (Fig 2) and compared to Tim50 with a uniform 5.2 aa/s elongation111

rate and no deletions. All 5 constructs were simulated in the stochastic simulation developed in112

Arceo et al. (2022) so we could compare the e�ects of ribosome stalls on mRNA localization behav-113

ior across the physiological range of mitochondrial volume fractions. Constructs with p7 and p14114

ribosome stalls have a locally slower elongation rate of 0.44 aa/s. To keep the gene-wide average115

elongation rate the same for the explicit p7 and p14 constructs, the elongation rate everywhere116

else in the mRNA increases to 7.7 aa/s. For constructs with p7 and p14 deletions, the gene-wide117

elongation rate is consistently 7.7 aa/s, and 7 (p7) or 14 (p14) amino acids are deleted from the118

simulated mRNA. The initiation rate was set at 0.1264 ��1 for all 5 constructs, and was previously119

calculated in Arceo et al. (2022).120

Tim50 mRNAs with p7 and p14 deletions display more dynamic localization behavior compared121

to the constructs with polyproline ribosome stalls and the construct with a consistent and more122

moderate elongation rate. Despite the relatively faster elongation rate outside of the p7 and p14123

motifs, these mRNAs nonetheless display constitutive localization behavior. A ribosome stall of 15124

(p7) or 30 (p14) seconds downstream of the MTS is su�cient to capture Tim50’s observed consti-125

tutive localization. Deletion of p7 led to lower localization in fermentative (small MVF) conditions,126

which is consistent with �ndings from Tsuboi et al. (2020). Deletion of 7 more amino acids in the127

p14 construct led to a shorter translation duration and lower mRNA localization but was still on128

par with the e�ects of the p7 deletion. Conversely, the explicit inclusion of the p14 ribosome stall129

motif led to a longer translation duration than the p7 ribosome stall motif but resulted in identical130

mRNA localization behavior. Altogether, this suggests that the 15 second delay caused by the p7131

ribosome stall is su�cient to shift the localization of Tim50 from conditional or moderate to con-132

stitutive or high in the fermentative MVF regime. Given the overall translation duration of 91 sec133

for the endogenous Tim50 sequence, 15 seconds accounts for only a 16% di�erence. However,134

concentrating this 16% delay in a hyperlocal ribosomal slowdown has an outsized e�ect on mRNA135

localization.136
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TIM50 MTS TIM50 CDS nLuc
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(a) (b)

TIM50 MTS LacZ
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Elongation rate (aa/s) 5.2 5.2

5.2 0.77

5.2 4.1
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Figure 1. (a) Schematic of constructs of various lengths. The endogenous Tim50 sequence, iRFP-3xCGA, or
LacZ are set upstream of a nanoluciferase (nLuc) reporter. Constructs are expressed from an inducible Tet07
promoter. (b) Elongation duration of all 3 constructs. (c) Length and elongation rate of the MTS and CDS
regions of all 3 constructs. (d) Stochastic simulation of all 3 constructs indicates their localization ratios are
equally insensitive to MVF.
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Figure 5.1: Sequence-specific elongation rate of 3 chimeric constructs was measured from translation duration
measurements.
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Figure 2. (a) Elongation rates of simulated constructs. (b) Simulations indicate that ribosome stalls at two
overlapping polyproline motifs downstream of the MTS promote mitochondrial association for Tim50 more
than uniformly slow elongation.
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Figure 5.2: Elongation slowdown at polyproline sites promotes mRNA localization in simulation.
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Ribosome stalls promote mRNA localization independently of translation duration137

Chimeric reporter genes were created to parse the e�ects of ribosome stalls on translation du-138

ration and mRNA localization. Previously, we had showed that constitutive mRNAs have overall139

longer translation durations given their combination of longer ORFs and faster elongation rates140

(Arceo et al. (2022)). However, constitutive mRNAs are also known to contain ribosome stalls,141

which can also lead to overall longer translation duration with hyperlocalized ribosome slowdowns.142

Therefore, it was unclear if translation duration was a confounding variable in the co-translational143

mechanism of mRNA localization or whether another factor, like ribosome stalls, was needed for144

constitutive localization. We created chimeric reporter mRNAs with the same MTS and di�erent145

CDSs to isolate the e�ect of ribosome stalls and translation duration. These reporter mRNAs con-146

tain 12 MS2 stem loops downstream of the ORF that bind to an MS2 coat protein (MCP) and a green147

�uorescent protein (GFP). The MS2-MCP visualization system was previously described (Gadir et al.148

(2011)) and validated as a microscopy method for tracking individual mRNAs in vivo.149

mRNA localization was quanti�ed and compared for all 3 constructs. The percentage of mRNA150

foci that were located � 500 �� from the nearest mitochondrial surface were reported as the lo-151

calization ratio. Error bars are given as the standard error between technical replicates containing152

more than 3 cells each. All microscopy experiments were conducted in fermentative conditions. Lo-153

calization ratio was not found to correlate with total mitochondrial volume or cell area, supporting154

our hypothesis that construct-speci�c di�erences in mRNA localization are a result of translation155

kinetics. The LacZ construct (gray) had the lowest localization ratio whereas the shorter constructs156

with ribosome stalls, iRFP-3xCGA (purple) and endogenous Tim50 CDS (teal), had similarly high lo-157

calization ratios. According to translation duration measurements (Fig 3b), LacZ had a moderate158

translation duration (� 200 sec), that was shorter than iRFP-3xCGA’s translation duration (������159

300 sec) and greater than Tim50’s translation duration (������ 100 sec) despite the fact the latter160

measurement also contained the MTS. All 3 reporters were simulated (Fig 3c,d) using elongation161

rates calculated from the translation duration measurements and with the same initiation rate162

of 0.1264 ��1 because they have the same 5’ ORF sequence. The stochastic simulation predicted163

erroneously that MTS+LacZ would have constitutively high localization like MTS+iRFP-3xCGA and164

Tim50. Given the centrality of ribosome stalls to Tim50’s localization behavior (Fig 2), we concluded165

that ribosome stalls promote MTS-driven mRNA localization independently of translation duration.166

More quantitative measurements of ribosome stalls in general and of translation duration down-167

stream of the MTS in particular in order to fully elucidate the mechanism and grasp of the kinetic168

behavior of co-translational mRNA localization.169

Discussion170

We previously demonstrated that the interplay of di�usion and translation kinetics combine to reg-171

ulate mRNA localization (Arceo et al. (2022)). mRNAs with faster translation kinetics display more172

dynamic localization behavior because they switch between binding competent and incompetent173

at the same time scale as di�usion, and the kinetics of binding compete with the nonspeci�c ef-174

fects of di�usion. While fast translation is a hallmark of conditional mRNAs, translation duration175

measurements for Tim50 and Atp3 indicate the opposite is true. Intriguingly, Schleif plot results176

con�ict with gene-speci�c elongation rates we previously calculated using a combination of numer-177

ous datasets and techniques. When measured with the Schleif technique, conditional mRNAs had178

slower elongation rates than constitutive mRNAs. It is unclear if these inconsistencies are limited179

to the �ve mRNAs that were studied–OMA1, NDI1, ATP2, ATP3, and TIM50–or if there is systematic180

issue in the elongation rates published in Arceo et al. (2022) stemming from assumptions about181

the underlying physics, the nature of the various techniques in each dataset, or another unantici-182

pated problem. Conversely, it is plausible that the elongation rates are imprecise for a handful of183

genes while the trends observed for over 100 genes are nonetheless accurate. In other words, it is184

plausible that the trend of faster elongation that was calculated and observed for the constitutive185
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Figure 3. (a) Schematic of chimeric reporter mRNAs visualized using GFP with an MS2-MCP system. (b)
Percentage of mRNAs found � 500 �� from the nearest mitochondrial surface for all 3 constructs. (c)
Representative image of live yeast cell with iRFP-3xCGA construct in the mCherry (mitochondrial) and GFP
(mRNA) channels. (d) Representative image of live yeast cell with Tim50 construct in the mCherry
(mitochondrial) and GFP (mRNA) channels.
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Figure 5.3: mRNA localization was quantified for all 3 chimeric MS2-MCP reporters.
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mRNA subset is accurate despite the calculations being incorrect for all 5 aforementioned mRNAs.186

The central approach of blending multiple datasets with various techniques into calculations of187

initiation rates, and then elongation rates, inadvertently propagates or even multiplies the impre-188

cision in each technique. In conclusion, it is unclear whether the inconsistencies stem simply from189

noise in the calculations from Arceo et al. (2022) or if they point to a systematic issue that requires190

a fundamentally di�erent approach to translation rate calculations and thus a reconsideration of191

in silico results and discussion from Arceo et al. (2022).192

The preponderance of ribosome stall motifs in the constitutively-localized group suggests that193

elongation modulation coordinates with chaperone recruitment to promote mitochondrial localiza-194

tion. Insertion of polyprolines and non-optimal codon stretches has been found to increase mRNA195

localization independently of the MTS. In essence, the amphiphalic structure of the MTS nascent196

peptide is required for association to import machinery at the mitochondrial surface, whereas197

the CDS appears to determine the dynamics and quantity of localization. This modular composi-198

tion is ideal for post-transcriptional regulation of metabolic mitochondrial genes whose proteins199

need to be upregulated in response to metabolic changes, such as the switch from fermentative200

to respiratory metabolism. mRNA localization behavior is sensitive to the metabolic state along a201

number of avenues, including the susceptibility of elongation to perturbations in the concentra-202

tions of GTP, eIF5a, charged tRNAs, and other molecules involved in ribosome translocation. Many203

ribosomal stall motifs require more translation regulation chaperones during all cellular states.204

Due to the challenge of forming a peptide bond between sequential prolines, eIF5a is required205

for the proper expression of genes with polyproline stretches, which are otherwise susceptible to206

mRNA degradation via the ribosome quality control (RQC) pathway. Conversely, mRNAs devoid207

of ribosomal stall motifs and with relatively fast elongation rates experience slowdowns during208

certain conditions, like low ATP production, that may indicate a large metabolic shift is underway.209

We postulate that conditional mRNAs, which are generally devoid of the ribosomal stall motifs ob-210

served in constitutive mRNAs, undergo a relatively larger decrease in elongation in conjunction211

with a decrease in the cell’s growth rate. For conditional mRNAs, these stochastic slowdowns pro-212

mote chaperone recruitment in a manner similar to ribosomal stall motifs in constitutive mRNAs.213

Thus, the decrease in growth rate and ribosome translocation combine to increase the binding-214

competency of conditional mRNAs, drive conditional mRNA localization to the mitochondria, and215

promote the expression of this gene group. Indeed, tethering experiments have demonstrated the216

mitochondrial milieu increases protein levels even for non-mitochondrial genes like GFP. Given the217

prevalence of Krebs cycle proteins in the conditional gene group, their responsive localization dur-218

ing metabolic switches or perturbations points to co-translational mRNA localization as a potential219

post-transcriptional mechanism of gene expression.220

Methods and Materials221

Luciferase assay222

We previously developed and validated a quantitative elongation duration reporter assay utilizing223

a tetracycline-inducible promoter to control mRNA induction of a bioluminescent nanoluciferase224

(nLuc) reporter downstream of open reading frames (ORFs) of interest Hou et al. (2023). All mR-225

NAs of interest contained the same �rst 100 amino acids (AAs), aa(1-100) of the Tim50 ORF. We226

developed a series of chimeric sequences in which we varied the translation duration of the down-227

stream coding sequence (CDS) by insertion of a long sequence (LacZ) or non-optimal codons. The228

third ORF of interest was the endogenous Tim50 sequence, which includes ribosomal stalling mo-229

tifs: 7 sequential prolines at aa, and 10 prolines at aa . Elongation time was calculated using a230

Schleif plot Schleif et al. (1973) and adjusted based on an average mRNA transcription time of231

1500 nucleotides per minute Mason and Struhl (2005); Edwards et al. (1991). We �nd a delay in the232

�rst appearance of nLuc upon the addition of Tim50, LacZ and iRFP-3xCGA upstream of nLuc. We233

then used these measured delays to calculate the translation elongation rate of Tim50, LacZ and234
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iRFP-3xCGA as 5 aa/s, 7 aa/s, or 0.077 aa/s, respectively, which is consistent with the maximum235

observed elongation rate measurement of 10 aa/s (Fig 1). Riba et al. (2019); Karpinets et al. (2006).236

Microscopy237

Single molecule mRNA visualization with mitochondria was performed as follows: Yeast cells were238

grown in YPA medium containing 2% glucose (fermentative) or 3% glycerol + 2% ethanol (respira-239

tory) with 15 mL glass tube at 30 C with rotator speeds of 60 rpm. Mid-log phase wild-type yeast240

cells (OD600 of 0.4 to 0.7) were grown in appropriate medium and 20 � L were placed into a 96-well241

Glass Bottom Plate (Cellvis LLC). Cells were imaged by an Eclipse Ti2-E Spinning Disk Confocal with242

Yokogawa CSU-X1 (Yokogawa) with 50 mm pinholes, located at the Nikon Imaging Center UCSD.243

Imaging was performed using SR HP APO TIRF 100 � 1.49 NA oil objective with the correction collar244

set manually for each experiment (pixel size 0.090 mm). Z-stacks (200 nm steps) were acquired by245

a Prime 95B sCMOS camera (Photometrics). Imaging was controlled using NIS-Elements software246

(Nikon).247

Segmentation of cell boundaries and 3D mitochondrial architecture248

We segmented cell boundaries from the GFP channel of images, using the DIC channel as reference.249

The ROIs were saved in the FIJI ROI GUI and then applied to the GFP channel and for all of the250

z-planes in the mCherry channel. For the GFP channel, a single z-plane was exported in the text-251

image format for further analysis. For the mCherry channel, a z-stack was generated containing all252

the z-planes for a single cell. This z-stack was exported in a tif format for processing in MitoGraph253

Harwig et al. (2018). MitoGraph is available from https://github.com/vianamp/MitoGraph. MitoGraph254

required two inputs regarding the precision in 2D (0.090 nm/pixel) and in z (0.200 nm/step).255

Quanti�cation of mRNA localization256

MitoGraph analyzes microscopy images of mitochondria and generates high-resolution, cell-speci�c257

data about mitochondrial network architecture. This information was used to reconstruct the 3D258

surface of mitochonddria and determine the 3D coordinates of the mitochondrial network inside259

an individual cell. To determine the 3D coordinate of the foci(s) in the individual cell, the text-260

image of the GFP channel was processed in a script available from the authors. The script de�nes261

an mRNA molecule as the brightest pixel above a threshold. The threshold of minimum mRNA262

foci brightness is determined for each experimental condition because it varies with laser power.263

The threshold was kept constant for all images collected with a particular experimental condition264

regardless of the mRNA construct. We de�ned a localized mRNA as a foci located 0.500 �m or less265

from a mitochondrial surface. For LacZ and iRFP-3xCGA constructs, there was typically one foci per266

cell, rarely two. For the Tim50 construct, which has an endogenous promoter, there was typically267

more than one foci per cell. For all constructs, the number of localized mRNA molecules was di-268

vided by the total number of mRNA molecules and the mean is reported as the localization ratio269

of every construct. We calculated the standard deviation of the mean localization ratio in every270

�eld-of-view (� � 20) and reported this as the error in localization ratio of a given construct.271
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Chapter 6

Discussion

The shifting competition between diffusion and MTS association to the mitochondrial surface is a potential design

principle for responsive mRNA localization conserved between eukaryotes. The key takeaway is that mitochondria

require more metabolic proteins in non-fermentable carbon sources, and that is precisely when metabolic mRNAs

localize more. I postulate that translation speeds decrease when fermentable carbon sources start running low, when

media is switched altogether for one with non-fermentable carbon sources, or when the cell is otherwise unable to

derive ATP from glycolysis. As translation speeds decrease, the translation of the MTS will slow as well, and ribosomes

downstream of the MTS will take longer to complete translation. Scarcity of ATP, and of its downstream product GTP,

lead to longer MTS exposure times and thus higher mRNA localization for MTS-mediated mRNAs. Whereas the switch

from glycolytic to respiratory metabolism is accompanied by many well-studied transcriptional and post-transcriptional

changes, this scheme is a potential post-transcriptional method of sensing and responding to metabolic needs on

relatively short timescales (mRNA half-lives are around 10 minutes), and promotes protein production in parallel with

other transcriptional and post-transcriptional changes.

The link between mRNA localization and protein production has been well-established for numerous nuclear-

encoded mitochondrial mRNAs and for non-mitochondrial mRNAs tethered to the mitochondria. Translation elongation

inhibition and larger mitochondrial volume fraction promote localization for certain nuclear-encoded mitochondrial

mRNAs, which are defined as conditional or conditionally-localized mRNAs. Given that localization decreases when

translation elongation slow down, mRNA localization can serve as an indirect measurement of the availability of

energetic molecules like GTP, that are necessary for translation elongation as well as many other essential cellular

processes. Paradoxically, as slower translation promotes mRNA localization, the localization to the mitochondria

promotes protein production. This is potentially because of the density of ribosomes around the mitochondria, as

observed by electron microscopy. I propose that the increase in mitochondrial association observed for conditional
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mRNAs, which are enriched for Krebs cycle and other metabolic mitochondrial proteins, promotes mitochondrial

biogenesis.

While there is a lot of interest in ATP generation, the ratio of NADH and NAD+ levels has been proposed as

a crucial metric for setting the oxygen intake rate, respiratory efficiency, and growth rate. Glucose uptake rate

determines glycolytic flux rate and is anti-correlated with mitochondrial activity; cell media with less preferable

sugars, e.g. galactose or raffinose, resulted in slightly slower growth and more mitochondrial activity. At the

other end of the spectrum, growth in ethanol media resulted in the slowest growth rate, the most mitochondrial

activity i.e. the highest oxygen intake rate, and similar ATP levels [40]. Knockout experiments elucidated the

underlying mechanism of regulating mitochondrial activity and efficiency: the precursors and products of most

OXPHOS proteins are at equilibrium. Deleting or overexpressing mitochondrial NAD+ carriers NDT1 and NDT2

perturbed this equilibrium, driving mitochondria into inefficient regimes and lowering ATP production. By operating at

near-equilibrium, mitochondrial proteins sense and respond to metabolic needs in real time and independently of the

activity of other metabolism processes such as, hexose transporters and glycolytic enzymes [41].

Our understanding of metabolic switching at the molecular and cellular levels are key to untangling mitochondrial

loss of function observed in diseased states and senescence. Metabolic engineering of brewer’s yeast has also contributed

to cancer research given that both cell types preferentially use glycolysis to consume nutrients and proliferate rapidly.

Analogously, research into the Crabtree effect has contributed to our understanding of the Warburg effect. It has been

long postulated that glycolytic flux and respiratory flux are governed by distinct biochemical principles despite using

the same precursors to create the same end product ATP. The cytosolic concentration of a biochemical intermediate–the

likeliest candidate is fructose-1,6-bisphosphate–determines the amount of carbon source that is routed into each pathway

[42]. From there, glycolytic flux is determined by glucose uptake rates whereas respiratory flux is determined by

enzyme levels, particularly TCA enzymes. In other words, under glycolysis, the rate of ATP production is set by the

rate at which the cell takes in raw material whereas, under respiration, the rate of ATP production is set by the amount

of available enzymes, not the rate of raw material. Levels of TCA cycle enzymes increase drastically after a shift to

non-fermentable media, possibly to generate sufficient NADH to drive respiration in a less nutrient-rich environment

[43]. Crucially, upregulation of TCA cycle enzyme levels is concentrated in cytosol-localized TCA cycle enzymes

whereas mitochondria-localized TCA cycle enzymes remain at the same level or drop in abundance [43]. TCA cycle

proteins are mostly encoded by conditional mRNAs; a few are encoded by diffuse mRNAs. I propose that increased

localization to the mitochondria contributes to the increase in TCA protein levels that accompanies gluconeogenesis

and the switch to respiration.
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