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Abstract

For many nuclear-encoded mitochondrial genes, mRNA localizes to the mitochondrial
surface 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
currency of the cell. In the brewer’s yeast, Saccharomyces cerevisiae, cells can switch
ATP generation towards or away from mitochondria depending on the environment.
Understanding 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 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
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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 mitochondrial 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 1

To sustain life and function, cells maintain a homeostatic internal state while retaining 2

the capacity to respond to variable environments and challenges. For eukaryotic cells, 3

homeostasis requires not only regulation of gene expression, but also maintainance of 4

internal organization through the sorting of proteins among organelles and subcellular 5

compartments. Spatial targeting of proteins to specific cellular destinations can occur 6

through a variety of transport and retention mechanisms, sometimes acting in 7

combination [1–7]. 8

Protein localization is often controlled by first transporting the mRNA to a specific 9

region [8], and then translating proteins locally. mRNA localization serves as a key 10

mechanism for delivering proteins to far-flung cell regions in neurons [9], expediting 11

protein synthesis when locally required [10], and ensuring proteins are provided a 12

suitable environment for folding [11]. Failure to localize mRNA can result in 13

developmental defects [12] and cognitive disorders [13]. 14

Canonical descriptions of protein localization through mRNA transport include 15

translational suppression en route [8,14], with protein synthesis beginning only after the 16

mRNA reaches its target destination. By contrast, some mRNA are known to begin 17

translation while in transit [15, 16]. For such cases, we explore how translational 18

dynamics themselves can control mRNA localization, focusing on nuclear-encoded 19

mitochondrial genes in yeast. 20

While some mitochondrial genes are encoded by mitochondrial DNA, the vast 21

majority of mitochondrial proteins are translated from nuclear-encoded mRNA [17] and 22

a subset of those mRNAs have been observed to localize to the mitochondrial surface. 23

In Saccharomyces cerevisiae these mitochondrially localized mRNAs have been 24

subclassified based on their mechanism of localization. Class I mRNAs are primarily 25

targeted to the mitochondria by the RNA binding protein Puf3, while Class II mRNAs 26

localize independently of Puf3 [18,19]. Class II mRNAs are proposed to localize through 27

translation of the amino-terminal mitochondrial targeting sequence (MTS) that can 28

associate with import complexes on the cytosolic side of the outer mitochondrial 29

membrane [20]. 30

S. cerevisiae yeast rely heavily on glucose fermentation even in aerobic conditions. 31

With non-fermentable carbon sources, the shift to a respiratory metabolism involves 32

dramatic changes to the mitochondrial proteome [21,22]. This shift also leads to an 33

increase in the fraction of the cytosol occupied by mitochondria (mitochondrial volume 34

fraction, or MVF) [23], which form dynamic tubular networks distributed throughout 35

the cell [24]. While Class II mRNAs were initially found to be mitochondrially localized 36

under respiratory conditions, many exhibit condition-dependent localization, as almost 37

70% do not robustly localize to mitochondria under fermentative conditions [23, 25,26]. 38

This may be due at least in part to changes in MVF, which can quantitatively predict 39

the conditional localization behavior of mRNAs ATP2 and ATP3 [23]. Additionally, 40

many Class II mRNAs that do not robustly localize under fermentative conditions, 41

including ATP2 and ATP3, become mitochondrially localized upon application of the 42

translation elongation inhibitor cycloheximide (CHX) [23,25]. By contrast, other Class 43

II mRNAs such as TIM50 have high, constitutive localization to mitochondria even in 44
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fermentative conditions [23], and respond little to increased MVF [23] or CHX 45

application [25]. Given that all Class II mRNAs contain an MTS but only some are 46

localized under fermentative conditions, these observations suggest that the presence of 47

the MTS is required but not sufficient for preferential localization to mitochondria. This 48

idea has been further supported through MTS swapping experiments [20]. 49

Localization of a Class II mRNA to a mitochondrion requires exposure of an MTS 50

peptide sequence while the mRNA is very near to the mitochondrial membrane, 51

implying that such localization can be modulated through the relative kinetics of MTS 52

exposure and spatial movement throughout the cell. By arresting translation, CHX 53

leaves nascent peptides and any of their translated MTS motifs exposed indefinitely. 54

The increase in mRNA localization upon CHX application thus substantiates the 55

importance of gene-specific translation dynamics for mitochondrial localization. 56

Similarly, the dependence of mitochondrial localization on the MVF suggests that the 57

geometry encountered by a diffusing mRNA can meaningfully control the frequency of 58

mitochondrial proximity and opportunities for an MTS to interact with a mitochondrial 59

surface. 60

The physical process of localization requires a transport mechanism enabling an 61

mRNA to encounter its target region and a retention mechanism to limit mRNA escape. 62

In the relatively small volume of a yeast cell, diffusion is sufficient to distribute mRNA, 63

with diffusive arrival rates to cellular targets modulated by intracellular 64

geometry [7, 27–32]. Once an mRNA has diffusively reached a destination, binding 65

interactions then determine the time period of mRNA localization. Equilibrium mRNA 66

localization would be determined by the probability of occupying a binding-competent 67

state and the volume of the localization region, i.e. the MVF. However, the 68

energy-consuming process of translation pushes mRNA localization out of equilibrium, 69

similar to other driven processes necessary to maintain cellular organization, including 70

protein targeting [6, 7, 33–36]. 71

To address how translational dynamics could control the localization of mRNA for 72

mitochondrial genes, we developed a stochastic, quantitative model for mitochondrial 73

mRNA localization that incorporates translation and diffusion within a yeast cell. The 74

model is parameterized against published genome-wide measurements of both 75

constitutively and conditionally localized Class II mRNAs [22,37,38]. We find that the 76

kinetics of translation, as well as the diffusive search time-scales, determine the level of 77

mRNA localization to mitochondria, enabling both low and high localization within the 78

physiological range of key parameters. Crucial to our description of mitochondrial 79

mRNA localization is a proposal for an MTS maturation time following translation of 80

the MTS peptide sequence. Our work suggests a distinct mode of spatial protein 81

regulation and a mechanism for yeast and other cells to control protein localization using 82

gene-specific translation dynamics combined with global adjustments of organelle size. 83

Results 84

Localization depends on both equilibrium and kinetic 85

contributions 86

To help guide our investigation of the translational control of mRNA localization, we 87

begin by analyzing a general minimal model (Fig 1A). We assume that mRNA is 88

capable of switching between a binding-competent (“sticky”) state and a 89

binding-incompetent (“non-sticky”) state. For mitochondrial targeting, a 90

binding-competent state corresponds to an mRNA with at least one partially-translated 91

peptide with an exposed MTS sequence. We define two rate constants: kS and kU for 92

switching into and out of the competent state, respectively, assumed to be independent 93
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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 ∈ [10−3 s−1, 0.5 s−1], L ∈ [150 aa, 600 aa], and
kelong ∈ [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.

of the mRNA location. At equilibrium the fraction 94

fs =
kS

kS + kU
(1)

is in the competent state. For a binding-competent mRNA to bind to a mitochondrion, 95

it must be sufficiently proximal to a mitochondrial surface. Binding-incompetent 96

molecules can move from the bulk into binding range of a mitochondrion with rate kR 97

and can leave the near-surface region with rate kL. These rates are expected to depend 98

on the diffusivity of the mRNA and the geometry (size and shape) of mitochondria 99

within the cell. At equilibrium, 100

fd =
kR

kR + kL
(2)

is the fraction of the mRNA-accessible cell volume that is within binding range of the 101

mitochondrial surface. As the cytosolic volume fraction that is near mitochondria, fd is 102

distinct from but related to the MVF, the cell volume fraction occupied by 103

mitochondria. The binding-competent mRNA reach the mitochondrial region with the 104

same rate kR but are assumed to bind irreversibly and cannot leave until they switch 105

into the incompetent state. 106

The resulting four-state model (binding-competent vs not, proximal to mitochondria 107

vs not) is illustrated in Fig 1A. Given the assumed irreversible binding of competent 108

mRNAs, the model is inherently out of thermal equilibrium. The kinetic equations can 109

be solved to find the steady-state fraction of mRNA localized to the proximal region, as 110

a function of the kinetic rates (see Methods). 111

The solutions exhibit two limiting regimes of interest. In the rapid-transport regime 112

where mRNA transport is much faster than the competence switching rate 113
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(kU, kS ≪ kR, kL), incompetent mRNA can equilibrate throughout the entire cell prior 114

to a switching event. Similarly, competent mRNA can rapidly reach the proximal region 115

and bind to mitochondria. The fraction of mRNA that are mitochondrially localized is 116

then given by the two equilibrium fractions, 117

floc = fs + (1− fs)fd . (3)

In this spatially equilibrated situation, changing the mitochondrial volume fraction 118

would affect only fd. If binding dynamics are held fixed (fixed fs), the mitochondrially 119

localized fraction floc will depend linearly on the proximal volume fraction fd, with the 120

slope determined by the equilibrium binding competence fs. 121

In the opposite slow-transport regime, mRNA transport is much slower than the 122

switching rate (kR, kL ≪ kU, kS) and the fraction localized is given by: 123

floc =
1

1 + (1− fs)(1− fd)/fd
. (4)

This regime exhibits nonequilibrium behavior. In the limit of low mitochondrial volume 124

fraction (fd ≪ 1), the localization probability goes to zero. This is a fundamental 125

difference from the rapid-transport regime, where even at low volume fractions, 126

binding-competent mRNA localize to mitochondria. As a result, the regime with slow 127

transport and fast switching is expected to exhibit a steeper, more non-linear increase in 128

localization with increasing mitochondrial volume fraction (green lines in Fig 1B) 129

compared to the rapid-transport regime (magenta lines in Fig 1B.). 130

This highly simplified, analytically tractable, four-state model is agnostic to the 131

mechanistic details for how the switching between binding-competent and incompetent 132

states occurs, as well as the geometric details of diffusive transport to and from the 133

mitochondria-proximal region. Specifically, it highlights some important non-intuitive 134

features of localization for any molecule that can switch between competent and 135

incompetent states. Namely, the localization behavior is expected to depend not just on 136

the equilibrated binding-competent fraction fs (Eq 1) and proximal fraction fd (Eq 2) 137

but also on the relative kinetics of spatial transport and competence switching. In the 138

nonequilibrium regime of fast switching and slow transport, localization becomes 139

non-linearly sensitive to the volume fraction of the target region. 140

For the mitochondrial localization of mRNA, the switching times between competent 141

and incompetent states are determined by translation kinetics that control exposure 142

duration for attached MTS peptide sequences. The transport kinetics are determined by 143

diffusion timescales towards and away from the mitochondrial surface. We next proceed 144

to develop a more mechanistically detailed model for mitochondrial localization that 145

directly incorporates translation and diffusion. 146

Stochastic simulation incorporates translation and diffusive 147

kinetics 148

The translation kinetics model (Fig 1C) tracks ribosome number and position. 149

Ribosomes initiate translation on an mRNA with rate kinit, and then proceed along the 150

mRNA codons at elongation rate kelong. The mRNA is L codons in length. The number 151

of codons that must be translated to complete the MTS is set to lMTS = 100 to account 152

for an MTS length of up to 70 amino acids and a ribosome exit tunnel length of ∼ 30 153

amino acids [39, 40]. We begin with an ‘instantaneous’ model, where once translation 154

moves past lMTS, the mRNA-ribosome complex is assumed to be binding competent 155

until translation completes (kMTS → ∞ in Fig 1C). In subsequent sections we will 156

consider alternative binding-competence models with finite kMTS. 157
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An mRNA can have multiple MTS-containing nascent peptides if a subsequent 158

ribosome initiates and translates another MTS before the prior translation event is 159

complete. The average number of such binding-competent peptides on a given mRNA is 160

given by 161

β =
kinit(L− lMTS)

kelong
. (5)

To describe the diffusive encounter of an mRNA with the mitochondrial network, we 162

use a simplified geometric model appropriate for diffusive search towards a narrow 163

tubular target. Specifically, we treat the geometry as a sequence of concentric cylinders, 164

each representing an effective region surrounding a tubule of the mitochondrial network 165

(Fig 1D). Fig 1D shows a two-dimensional cross-sectional view of this three-dimensional 166

geometry. The innermost cylinder represents a mitochondrial tubule and serves as a 167

reflective boundary for the mRNA. A slightly larger cylinder represents the region 168

where a binding-competent mRNA is sufficiently close to bind to the mitochondrial 169

surface. If one or more binding-competent MTSs are exposed on an mRNA when it 170

reaches the vicinity of the innermost cylinder, the mRNA will remain associated to the 171

mitochondrial surface until the mRNA returns to zero binding-competent MTSs after 172

peptide translation is completed. A still wider cylindrical region represents locations 173

where the transcript would appear close to the mitochondrial tube in diffraction-limited 174

imaging data, but may not be sufficiently close to bind the mitochondrial surface. 175

Finally, the outermost reflecting cylinder represents the cytoplasmic space available to 176

the diffusing mRNA. The radius of this external cylinder is set such that the innermost 177

mitochondrial cylinder encloses the correct volume fraction of mitochondria to 178

correspond to experimental measurements (which can range from 1%–15%). 179

This simplified geometry gives an approximate description of the search process for 180

the mitochondrial surface, based on the idea that whenever the mRNA wanders far 181

from any given mitochondrial tubule it will approach another tubule in the network 182

(Fig 1D), so that its movement can be treated as confinement within an effective 183

reflecting cylinder. Such an approach has previously been used successfully to 184

approximate the diffusive process of proteins searching for binding sites on long coils of 185

DNA [31]. More detailed geometrical features, such as the specific junction distribution 186

and confinement of the yeast mitochondrial network to the cell surface are neglected in 187

favor of a maximally simple model that nevertheless incorporates the key parameters of 188

mitochondrial volume fraction and approximate diffusive encounter time-scale. 189

Simulations of our stochastic model for simultaneous translation and diffusion can be 190

carried out with any given set of gene-specific translation parameters (kinit, kelong, L). 191

The simulated mRNA trajectories are then analyzed to identify the fraction of mRNA 192

found within the region proximal to the mitochondrial surface (see Methods for details). 193

By exploring the physiological range of translation parameters, many orders of 194

magnitude of the mean number of translated MTSs per mRNA (β, see Eq 5) are 195

covered, which also covers the full range of mRNA binding competence (Fig 1E). We 196

find that, for any set of physiological translation parameters, the number of 197

binding-competent MTS sequences (β) is predictive of the fraction of time (fs) that 198

each mRNA spends in the binding competent state (Fig 1E). The greatest variation is 199

near β ≈ 1, where different parameter combinations with the same average number of 200

exposed MTSs can give competency fractions ranging from 30− 50%. 201

Our analytically tractable 4-state model (Fig 1B) indicates that localization fraction 202

should depend not only on the binding competent fraction fs (related to β) but also on 203

the kinetics of switching between competent and incompetent states. We explore the 204

effect of translation kinetics on localization in the stochastic model by varying the 205

initiation and elongation rates of a fixed-length mRNA (Fig 1F). This approach samples 206

the scope of localization behaviors by simulating multiple combinations of translation 207
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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.

parameters. We include unphysiologically high elongation rates to compare to the 208

expected behavior from the 4-state model. As expected, faster elongation rates (which 209

decrease the period an MTS is exposed on an mRNA and decrease β) result in lower 210

localization, and higher initiation rates (which increase β while leaving MTS exposure 211

time unaffected) result in higher localization (Fig 1F). While the number of exposed 212

MTSs, β, can explain much of the effect of changing elongation and initiation rates 213

(Fig 1G), there is substantial variability in localization around β ≈ 1, with faster 214

elongation decreasing localization. This result is consistent with the prediction of the 215

4-state model that rapid switching of binding competence can lead to lower localization 216

even for equal binding competent fractions fs. 217

Physiological translation parameters lead to high mitochondrial 218

binding competence and localization 219

Because translation kinetics and length vary between genes, we expect the kinetics of 220

binding-competence switching and thus the mitochondrial localization to be 221

gene-specific. To explore the relationship between translation kinetics and 222

mitochondrial localization, we define two categories of Class II mRNAs that were all 223

found to be localized in respiratory conditions [19] by their localization sensitivity to 224

translation elongation inhibition by cycloheximide (CHX) in fermentative 225

conditions [25]. “Constitutive” mRNAs preferentially localize to mitochondria both in 226

the absence and presence of CHX. “Conditional” mRNAs do not preferentially localize 227

to mitochondria in the absence of CHX, but do so following CHX application. 228

Using protein per mRNA and ribosome occupancy data [22, 37, 38, 42], we estimated 229

the gene specific initiation rate kinit and elongation rate kelong for 52 conditional and 70 230

constitutive genes (see Methods). Along with the known mRNA lengths L, these 231

parameters quantitatively describe translation of each gene in the yeast transcriptome. 232

These measurements [38] indicate that conditional and constitutive genes have similar 233

distributions of ribosome occupancy (Fig 2A, inset; see S1 Fig for similar distributions 234
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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 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 → ∞).
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).

of conditional and constitutive gene ribosome occupancy derived from [43]). Conditional 235

and constitutive genes also have similar distributions of the number of exposed MTSs, 236

β, as calculated from estimated translation parameters (Fig 2A). Notably, the predicted 237

β values were relatively large, with 90% of both constitutive and conditional mRNA 238

estimated to have β > 2. Consequently, the stochastic simulation predicts median 239

localization fractions above 80% for both the conditional and constitutive gene groups, 240

with no significant difference between the two groups (Fig 2B). Comparison of two 241

specific genes (ATP3 and TIM50 ) known to have mitochondrial localizations with 242

distinct dependence on mitochondrial volume fraction [23] also yielded similarly high 243

localization fractions in stochastic simulations, across all mitochondrial volume fractions 244

(Fig 2C). 245

These simulation results using gene-specific estimates of the translation parameters 246

kinit, kelong, and L (Fig 2B,C) run directly counter to experimental measurements. 247

Specifically, they over-predict mitochondrial localization for transcripts, such as ATP3, 248

that are known to exhibit low localization values at low mitochondrial volume fractions. 249

Given the high calculated values of β, and the importance of MTS exposure kinetics in 250

predicting localization at intermediate β values, we more closely examined the 251

quantities underlying this parameter, which describes the number of exposed complete 252

MTSs. We find that the distributions of both the elongation rate and the MTS 253

exposure time texpo = (L− lMTS)/kelong substantially differ between the two gene 254

groups, with conditionally localized genes exhibiting more rapid elongation and shorter 255

MTS exposure times (Fig 2D; see S2 Fig for similar distributions of conditional and 256

constitutive gene elongation rates derived from [42]). These differences in MTS 257

exposure kinetics between the two gene groups point towards a mechanism, thus far not 258

part of our quantitative model, that would reduce the number of exposed MTSs (β), 259

allowing for more variability in localization between the two groups. At the same time, 260

this mechanism should have a greater effect in reducing MTS exposure time in 261

conditionally localized genes, enabling reduced localization of this group at low 262

mitochondrial volume fractions. 263
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Mitochondrial binding competence requires a maturation period 264

To reduce β and MTS exposure time, we introduce into our quantitative model a time 265

delay between complete translation of the MTS and maturation of the MTS signal to 266

become binding competent (Fig 1C, kMTS < ∞). This additional parameter is 267

consistent with evidence that mitochondrially imported proteins require the recruitment 268

of cytosolic chaperones to target them for recognition [44] and import by receptors on 269

the mitochondrial surface [45–47]. During MTS maturation, which could include 270

autonomous folding or interaction with additional chaperone proteins [48], the MTS 271

becomes capable of binding the mitochondrial surface. 272

In the model, MTS maturation is treated as a stochastic process with constant rate 273

kMTS corresponding to an average maturation time τMTS = 1/kMTS. This maturation 274

period decreases the binding-competent exposure time uniformly across all mRNA, and 275

decreases the number of binding-competent MTS signals (i.e. lowers β) for all mRNA. 276

The maturation period has the largest effect on short mRNAs with fast elongation, 277

reducing their already short exposure times. Consequently, it is expected to have a 278

larger effect on conditional versus constitutive genes. 279

The additional MTS maturation time does not alter the total time to translate an 280

mRNA (Ttotal = L/kelong). The ribosome continues elongating during maturation, and 281

is located at a downstream codon when the MTS becomes binding competent. The 282

mean steady-state number of binding-competent MTSs per mRNA is 283

βmature =
kinit
kelong

{

L− lMTS −
kelong
kMTS

[

1− exp

(

−
kMTS

kelong
[L− lMTS]

)]}

. (6)

The mean time that each MTS is binding competent is 284

texpo,mature =
(

1− e−kMTSt
)

[

1

kMTS

1− e−kMTSTtotal(kMTSTtotal + 1)

1− e−kMTSTtotal

]

. (7)

For mRNA localization to be sensitive to mitochondrial volume fraction, we expect 285

the MTS exposure time to be shorter than the diffusive search times at low MVF (slow 286

search, long search time) and longer than diffusive search times at high MVF (fast 287

search, short search time). Such an intermediate exposure time will allow for high 288

mitochondrial localization exclusively at high MVF. 289

The mean search time for a particle of diffusivity D to find a smaller absorbing 290

cylinder of radius r1 when confined within a larger reflecting cylinder of radius r2 > r1 291

is [28] 292

tsearch =
1

2D

[

r42
r22 − r21

log

(

r2
r1

)

−
3r22 − r21

4

]

. (8)

The smaller, absorbing radius r1 represents the cylinder sufficiently close to bind the 293

mitochondrial surface, while r2 is the cylinder representing a typical distance that the 294

diffusing particle must move through the cytoplasm to approach a different region of the 295

mitochondrial network. As the mitochondrial volume fraction decreases, the radius r2 296

and the diffusive search time to find the mitochondrial surface tsearch both increase. 297

To understand the impact of MTS maturation, we consider a typical conditional and 298

constitutive mRNA from each group, using median translation rates and gene length. 299

Fig 3A shows the exposure time texpo,mature as the maturation time is varied. We find 300

exposure times for a typical conditional gene to be intermediate between the high and 301

low MVF diffusive search times when the maturation time is in the range 302

τMTS = 10 – 100 seconds (Fig 3A). By contrast, the typical constitutive gene maintains 303

an exposure time that is higher than the diffusive search time for this parameter range. 304

In addition to modulating the kinetics of binding competency, the maturation period 305

decreases the expected number of functional MTS signals per mRNA, β (Fig 3B). For 306
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the typical conditional gene, β decreases to approximately 1 for maturation times of 40 – 307

50 seconds, while β ≈ 2.5 for the typical constitutive gene in this range. The 308

introduction of the MTS maturation time can thus selectively shift the expected number 309

of functional MTS signals on conditional mRNA to the intermediate range (β ≈ 1) 310

necessary to allow for MVF sensitivity in the localization behavior. Under the same 311

conditions, the constitutive mRNA would maintain a high number of functional MTSs 312

and thus should remain localized even at low MVF. 313

Fig 3C shows how the localization for the prototypical conditional and constitutive 314

mRNA varies with the maturation time. For very rapid MTS maturation (τMTS → 0), 315

the MTS maturation model shows consistently high localization, as expected from the 316

earlier model wherein the MTS became binding competent immediately upon 317

translation. As the MTS maturation time increases and binding competency drops, 318

both typical conditional and constitutive mRNA decrease their mitochondrial 319

localization. However, the localization of the typical conditional mRNA begins to fall at 320

approximately 10 seconds of maturation, while constitutive mRNA localization remains 321

high until approximately 40 seconds of maturation. To provide a specific estimate of the 322

maturation time, we determine the maturation times for which the model predicts the 323

median experimental localization for conditional and constitutive genes (Fig 3C, 324

intersection of dotted lines and solid lines). A single value of τMTS ≈ 40 seconds yields a 325

simultaneous accurate prediction for the localization of both groups (Fig 3C, dashed). 326

Overall, the experimental data is consistent with a single gene-independent 327

time-scale for MTS maturation. The stochastic model with a 40-second MTS 328

maturation period was next applied to each of the conditional and constitutive mRNAs, 329

for which translation parameters were calculated individually. With this maturation 330

time, βmature is substantially lower for conditional mRNA in comparison to constitutive 331

mRNA (Fig 3D). 332

For conditional mRNAs without the maturation period (kMTS → ∞), the median 333

MTS exposure time is greater than the diffusive search time (Fig 3E, dashed black line). 334

With a maturation time of τMTS = 40 s, the median conditional MTS exposure time 335

decreases to be faster than diffusive search (Fig 3E). In contrast, constitutive mRNAs 336

retained a median MTS exposure time longer than the diffusive search time, both with 337

and without the 40-second maturation period. 338

Mitochondrial localization of conditional mRNAs is sensitive to 339

inhibition of translational elongation and to mitochondrial 340

volume fraction 341

Using the stochastic model with a 40-second MTS maturation period, we compute the 342

localization of individual mRNAs in the constitutive and conditional groups, at a low 343

mitochondrial volume fraction of 4%. Unlike the instantaneous model (with no MTS 344

maturation delay), the localization of conditional genes is predicted to be significantly 345

lower than that of constitutive genes (Fig 4A). While introduction of this maturation 346

time distinguishes the mitochondrial localization of conditional and constitutive gene 347

groups (Fig 4A vs Fig 2B), changes to diffusivity are unable to separate the two gene 348

groups (S3 Fig). 349

Furthermore, we use our model to predict localization in the presence of 350

cycloheximide (CHX), which halts translation [49]. The localization difference in 351

response to CHX application was used originally to define the constitutive and 352

conditional groups [25]. The effect of CHX is incorporated in the model by assuming 353

that all mRNAs with an exposed MTS at the time of CHX application will be able to 354

localize to the mitochondrial surface, since further translation will be halted by CHX. 355

We therefore compute from our simulations the fraction of mRNAs that have at least 356
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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 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.

one fully translated (but not necessarily mature) MTS, defining this as the localization 357

fraction in the presence of CHX. The model predicts that conditional genes will have a 358

substantial difference in localization upon application of CHX, while the difference for 359

localization of constitutive genes will typically be much smaller (Fig 4B). Qualitatively, 360

this effect is similar to the observed difference in localization for experimental 361

measurements with and without CHX (Fig 4C). 362

The predicted mitochondrial localization of the two example mRNAs ATP3 and 363

TIM50 is shown in Fig 4D as a function of mitochondrial volume fraction. The model 364

predicts ATP3 localization is strongly sensitive to MVF, switching from below 30% at 365

low MVF to above 70% localization at high MVF. By contrast, high localization of 366

TIM50 is predicted regardless of the MVF. The sensitivity of ATP3 and insensitivity of 367

TIM50 localization to the MVF is consistent with experimental measurements 368

indicating that ATP3 exhibits switch-like localization under different metabolic 369

conditions, while TIM50 remains constitutively localized [23] (Fig 4D, dotted lines with 370

circles). Dashed lines in Fig 4D show the predicted localization after CHX application, 371

highlighting the difference in response to CHX between ATP3 and TIM50. 372

The introduction of a delay period for MTS maturation both reduces the average 373

number of binding-competent MTSs on each mRNA (lower β) and decreases the 374

exposure time of each MTS. The latter effect results in faster switching between 375

binding-competent and incompetent states for an mRNA. In the basic 4-state model, we 376

saw that a steep sensitivity to the spatial region available for binding depends on having 377

relatively rapid binding-state switching kinetics compared to the diffusion timescale 378

(Fig 1B). As shown in Fig 3, the exposure time for conditional mRNAs is intermediate 379

between the diffusive search times at high and low mitochondrial volume fractions. We 380

therefore expect that the high rate of losing binding competence associated with the 381

limited MTS exposure time to be critical for the switch-like response to mitochondrial 382

volume fraction by ATP3. 383

As initiation rate can compensate for slowing translation elongation rates to 384

maintain ribosome density [50,51], we consider hypothetical constructs which have the 385

same average ribosome density (equal β) and mature MTS number (βmature) as ATP3, 386
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but 4-fold slower translational elongation rates. This results in slower switching kinetics, 387

causing high localization and a loss of sensitivity to mitochondrial volume fraction 388

(Fig 4E). We also consider how translation rate adjustment could control mRNA 389

localization while remaining at a fermentative mitochondrial volume fraction (4%). 390

Localization substantially decreases with increasing elongation and initiation rates for 391

the median conditional gene and ATP3, while localization is less responsive to increased 392

translation rates for the median constitutive gene and TIM50 (Fig 4F). For responsive 393

genes, translation rate modulation can adjust localization in a similar manner to 394

mitochondrial volume fraction, with the potential for targeting of specific genes. 395

Overall, these results highlight the importance of translation kinetics, including both 396

elongation rates and the maturation time of the MTS, in determining the ability of 397

transcripts to localize to the mitochondrial surface. These kinetic parameters determine 398

not only the equilibrated fraction of mRNAs that host a mature MTS but also the rate 399

at which each mRNA switches between binding-competent and incompetent states. In 400

order to achieve switch-like localization that varies with the mitochondrial volume 401

fraction or CHX application, a transcript must exhibit an average of approximately one 402

binding-competent MTS, with an exposure time that is intermediate between diffusive 403

search times at low and high MVFs. 404

Discussion 405

We have investigated, using quantitative physical modeling and analysis of yeast 406

transcriptome data, the role of translation kinetics in controlling MTS-mediated 407

localization of nuclear-encoded mRNA to mitochondria. Specifically, we explored how 408

mRNA binding competence and association with the mitochondrial surface, across a 409

range of cellular conditions, is governed by the interplay of timescales for translation 410

and cytoplasmic diffusion. We compared two sets of mRNA: one that is localized 411

conditionally, when mitochondrial volume is expanded or when translational elongation 412

is halted by cycloheximide, and another that localizes constitutively regardless of these 413

conditions. For these 52 conditional and 70 constutitive mRNA we estimated 414

gene-specific translation kinetics to apply in the model. Our analysis indicates that 415

these two sets of transcripts exhibit global differences in translation kinetics, and that 416

these differences control mRNA localization to mitochondria by adjusting the number 417

and duration of exposure for mitochondrial targeting sequences (MTSs) that are 418

competent to bind to the mitochondrial surface. 419

It has previously been noticed when comparing mitochondrially localized versus 420

non-localized yeast mRNAs, that localized mRNAs have features that reduce translation 421

initiation and lower ribosome occupancy [52]. This observation seemed counterintuitive 422

as MTS exposure was thought to be important for the localization of many of these 423

mRNAs and hence higher ribosome occupancy would be expected to enhance 424

localization by increasing the number of exposed MTSs [25,53]. Lower occupancy was 425

proposed to drive mRNA localization through increased mRNA mobility of a poorly 426

loaded mRNA [52], as more mobile mRNA could more quickly find mitochondria when 427

binding competent, increasing the localization of these mRNA. By contrast, our results 428

imply an alternate prediction – that translational kinetics lead to enhanced localization 429

of longer mRNAs, due to the increased number of loaded ribosomes bearing a 430

binding-competent MTS. Indeed, constitutively localized mRNAs are on average longer 431

than conditionally localized mRNAs. We show that translational parameters which 432

yield a moderate number of approximately 1 – 2 binding competent ribosomes (via 433

associated MTSs) per mRNA nevertheless allow robust localization under physiological 434

conditions. Furthermore, this model occupancy allows for localization levels to be 435

steeply sensitive to mitochondrial volume fraction, enabling transcript localization to be 436

December 19, 2022 12/27



modulated by the MVF during changes to nutrient conditions and the metabolic mode. 437

By constrast, transcripts with a high occupancy are expected to remain constitutively 438

localized to mitochondria, regardless of the metabolic state of the cell. Thus, tuning of 439

translational kinetics allows for differential response of transcript localization under 440

varying nutrient conditions without the need for additional signaling pathways. 441

Translation kinetics can widely vary between genes, with greater than 100-fold 442

variation in mRNA translation initiation rates and approximately 20-fold variation of 443

elongation rates in yeast [42]. Translation duration can be further impacted by the 444

length of the coding sequence. Constitutively localized mRNAs are on average longer 445

and have slower translation elongation than conditionally localized mRNAs. 446

Experimentally testing our proposal for translation-controlled localization would involve 447

using combined mRNA and live translational imaging (as yet undeveloped in yeast), to 448

directly measure translation and correlate localization with a time delay, presenting a 449

fruitful pathway for future study. Cis regulators of translation elongation rates include 450

mRNA features such as codon usage, codon context, and secondary structures [54, 55]. 451

For the constitutively localized mRNA TIM50 it was previously found that a stretch of 452

proline residues, which are known to slow ribosome elongation, were necessary to 453

maximize mRNA localization of this mRNA to the mitochondria [23]. 454

To investigate the role of these varied parameters, we first explore an abstracted 455

four-state model, wherein each transcript can be near or far from the mitochondrial 456

surface and competent or not for binding to the mitochondria. This model shows that 457

increasing the equilibrium fraction of time in the binding-competent state is indeed 458

expected to enhance mitochondrial localization. Furthermore, the simplified model 459

demonstrates that in order for transcript localization to be sensitive to the fraction of 460

space where binding is possible (i.e., the mitochondrial volume fraction), the kinetics of 461

switching in and out of the binding-compentent state must be relatively rapid compared 462

to the kinetics for spatial movement. 463

We then proceed to develop a more detailed model that explicitly incorporates 464

translational initiation and elongation, the formation of an MTS that enables 465

mitochondrial binding, and diffusive search for the mitochondrial surface. This model 466

confirms that tuning of the translation parameters can substantially alter mitochondrial 467

localization, but only in a regime where the ribosome occupancy of the transcripts is 468

relatively low. Surprisingly, plugging physiological parameters into this instantaneous 469

model resulted in the prediction that all mRNA transcripts studied would be highly 470

localized to mitochondria in all conditions. In other words, the physiological parameters 471

appeared to be in a regime where most transcripts had multiple binding-competent 472

MTS sequences with long exposure time, resulting in global localization. 473

Motivated by differences in transcript length and elongation rate between 474

constitutive and conditional gene groups, we incorporated an MTS maturation period 475

into the model, driving the system into a parameter regime with lower numbers of 476

binding-competent MTSs and shorter MTS exposure times, particularly for the more 477

rapidly elongating and shorter conditional transcripts. Although we are unable to 478

directly attribute this maturation period to a particular process, it aligns with other 479

observations related to mitochondrial protein import. It is known that mitochondria 480

targeting sequences mediate interactions with mitochondrial recognition machinery, 481

namely TOM22 and TOM20 subunits of the translocase of the outer membrane (TOM) 482

complex, and are necessary for efficient protein import into the mitochondria [56]. The 483

folding process for some proteins that must be recognized and imported into 484

mitochondria occurs on a timescale that competes with translocation [57,58]. 485

Furthermore, the formation of a secondary structure has been shown to be required for 486

import of MTS-bearing proteins into mitochondria [59]. Together, these observations 487

suggest the MTS is likely to require time to mature prior to becoming fully competent. 488
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Slowed translation has been suggested as providing an opportunity for proteins to fold, 489

implying the MTS maturation time may also be regulated by translation kinetics [60]. 490

In addition, molecular chaperones such as Hsp70 and Hsp90 are important for the 491

delivery and recognition of the mitochondrial preproteins to the Tom70 receptor [46, 61]. 492

Hsp70 expression levels have been found to have a direct effect on mRNA localization to 493

the mitochondria [62]. STI1 is another cochaperone of Hsp70 and Hsp90 chaperones 494

that plays a role in recognizing mitochondrial preproteins and mediates targeting to the 495

mitochondria [47]. While the diffusive search for a newly-synthesized MTS by 496

chaperones is expected be very fast (≪ 40 s), chaperone- and co-chaperone-mediated 497

folding can occur on timescales comparable to 40 seconds, including approximately tens 498

of seconds in bacterial homologs [63, 64] and > 100 seconds for human 499

chaperone-mediated folding [65]. All of these data point to the need for a delay time 500

between MTS translation and its maturation into a binding-competent state, via either 501

autonomous folding or association with a chaperone, before it can be optimally 502

recognized by the surface of the mitochondria. 503

Upon incorporation of a uniform (gene-independent) 40-second MTS maturation 504

time into the model, we found that many genes fell into a parameter regime with only a 505

few mature, binding-competent MTS sequences per transcript, and with intermediate 506

exposure times for those sequences. This single choice of the maturation time made it 507

possible to simultaneously match the expected localization of prototypical constructs 508

representing both the constitutive and conditional gene groups. This choice of 509

parameter yielded a mature MTS exposure time in the conditional gene that was longer 510

than the diffusive search time at high mitochondrial volume fraction, yet shorter than 511

the search time at low volume fraction. Consequently, the model with an MTS 512

maturation time could adequately predict the decreased localization of conditional genes 513

under metabolic conditions with low MVF, while genes in the constitutive group were 514

localized regardless of the MVF. Previous experimental work suggested that changing 515

mitochondrial volume fraction could control mitochondrial mRNA localization [23] — 516

our quantitative modeling work provides further support for this mechanism of 517

regulating mRNA localization. 518

Notably, conditional localization in our model required not only a modest number of 519

mature MTS per transcript (βmature ≈ 1) but also relatively fast translational initiation 520

and elongation kinetics (short exposure times compared to diffusive search). This result 521

demonstrates the out-of-equilibrium nature of the localization process, wherein 522

localization is dictated by the kinetic rates themselves rather than their ratios or the 523

equilibrated fraction of transcripts in different states. This feature arises due to broken 524

detailed balance [66] in the kinetic scheme illustrated in Fig 1A, wherein 525

binding-competent transcripts bind irreversibly to the mitochondrial surface and can be 526

dislodged only by the completion of the energy-consuming translation process. 527

Subcellular localization of mRNA can thus be added to the extensive list of 528

biomolecular processes wherein the tools of non-equilibrium statistical mechanics 529

elucidate the relevant physical parameters governing system behavior [6, 7, 33–36]. 530

While we have focused on how variation in translational kinetics between genes can 531

impact mitochondrial mRNA localization, there is also significant variation in mRNA 532

decay timescales [67, 68]. Our model suggests (see S4 Fig) that the mRNA decay 533

timescale has a limited effect on mitochondrial mRNA localization, unless the decay 534

time is sufficiently short to compete with the timescale for a newly-synthesized mRNA 535

to first gain binding competence. We leave specific factors thought to modulate mRNA 536

decay, such as ribosome stalling [69], as a topic of future study. 537

In this work our quantitative model assumed uniform ribosome elongation rates 538

along mRNA transcripts. In the presence of ribosome interactions, such dynamics can 539

lead to both uniform and non-uniform ribosome densities and effective elongation rates 540
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along the transcript [70, 71]. With these uniform ribosome elongation rates, previous 541

theoretical results suggest that collisions will be rare [70, 71]. However, elongation may 542

not be homogeneous along an mRNA transcript, due to factors such as tRNA 543

availability [72], boundaries between protein regions [73], amino acid charge [74], and 544

short peptide sequences related to ribosome stalling [75]. We have found that slow 545

(homogeneous) elongation facilitates mitochondrial mRNA localization, by providing 546

time for MTS maturation, diffusive search, and to maintain binding-competent 547

MTS-mediated mRNA binding to mitochondria. We expect that inhomogeneities in 548

elongation rate along mRNA could either enhance or reduce mitochondrial mRNA 549

localization, controlled by whether slower elongation is in regions that favor longer MTS 550

exposure. For example, a ribosome stall site following full MTS translation could 551

provide more time for MTS maturation and facilitate mitochondrial localization. Future 552

experimental work could identify such stalling sequences and point towards how 553

modeling can improve understanding of sequence impact on localization. 554

From the perspective of biological function, it remains unclear why some 555

mitochondrial mRNAs localize conditionally under different metabolic conditions, while 556

others remain constitutively localized. Both types contain an MTS [25,76] and code for 557

proteins rich in hydrophobic residues that are susceptible to misfolding and aggregation 558

in the cytosolic space [44]. One reason for the differential localization may center on the 559

altered function of mitochondria from fermentative to respiratory conditions. ATP 560

synthase, the linchpin of the mitochondrial OXPHOS metabolic process, is comprised of 561

subunits of both prokaryotic and eukaryotic origin [77]. Interestingly, all but one of the 562

prokaryotic-origin subunits are conditionally localized to the mitochondria [23]. As 563

mitochondrial mRNA localization has been found to be sufficient to upregulate protein 564

synthesis [23, 78] we posit that conditional or switch-like localization behavior is a 565

post-transcriptional regulation mechanism of protein synthesis that is sensitive to 566

mitochondrial growth and metabolic state. In particular, this mechanism can act 567

globally, altering expression levels for a large set of transcripts, even without the 568

involvement for specific signaling pathways to adjust protein synthesis in response to 569

metabolic state. 570

Furthermore, we propose that the effects of a respiratory metabolic state, which 571

increases mitochondrial volume fraction and decreases the mRNA diffusion search time, 572

can be mimicked through global translation elongation inhibition by pushing MTS 573

signal dynamics into a much slower regime than mRNA diffusive search, potentially 574

altering mitochondrial composition. This hints at translation elongation inhibition as an 575

avenue or tool for toggling metabolic modes within the cell. Similar means of 576

post-transcriptional regulation may take place in mammalian cells as genome-wide 577

mRNA localization measurements to the mitochondria have found a class of mRNAs 578

that are constitutively localized while others are found to become localized after CHX 579

administration [79]. 580

Our results link the nonequlibrium physics governing localization of transiently 581

binding-competent mRNA and the observed differential response of transcript groups 582

that localize to mitochondria under varying metabolic conditions. The general principles 583

established here, including the importance of translation kinetics and transport 584

timescales to the organelle surface, apply broadly to cellular systems that rely on a 585

peptide targeting sequence for co-translational localization of proteins. For example the 586

localization of mRNAs encoding secretory proteins to the surface of the endoplasmic 587

reticulum (ER) through interactions between the signal recognition sequence on the 588

nascent peptide, the signal recognition particle that binds it, and receptors on the ER 589

surface, may well be governed by analogous principles [80, 81]. By coupling together 590

quantitative physical models and analysis of measured translational parameters for the 591

yeast transcriptome, this work provides general insight on the mechanisms by which a 592
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cell regulates co-translational localization of proteins to their target organelles. 593

Methods 594

Simplified discrete-state model 595

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 transitions are mathematically described by

dSN

dt
= kSUN + kRSF − kUSN , (9a)

dSF

dt
= kSUF − (kU + kR)SF , (9b)

dUN

dt
= kUSN + kRUF − (kS + kL)UN , (9c)

dUF

dt
= kUSF + kLUN − (kS + kR)UF . (9d)

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

ŜN =
1

Z

kRkS(kL + kR + kS + kU)

kLkU(kR + kU)
, (10a)

ŜF =
1

Z

kS
kR + kU

, (10b)

ÛN =
1

Z

kR(kR + kS + kU)

kL(kR + kU)
, (10c)

ÛF =
1

Z
, (10d)

with 596

Z =
(kS + kU)[kL(kR + kU) + kR(kR + kS + kU)]

kUkL(kU + kR)
, (11)

for state probabilities ŜN + ŜF + ÛN + ÛF = 1. 597

In the regime where mRNA transport is much faster than the binding-competence 598

switching rate (kR, kL ≫ kU, kS), the near fraction is 599

PN = ŜN + ÛN ≃ fs + (1− fs)fd , (12)

where fs = kS/(kS + kU) and fd = kR/(kR + kL). In the opposite regime, where mRNA 600

transport is much slower than the binding-competence switching rate (kR, kL ≪ kU, kS), 601

the near fraction is 602

PN ≃
1

1 + (1− fs)(1− fd)/fd
. (13)

Stochastic simulation with translation and diffusion 603

We use stochastic simulations to determine mitochondrial mRNA localization and 604

fraction of time spent in the binding-competent state. Individual (non-interacting) 605

mRNA molecules are simulated from synthesis in the nucleus to decay in the cytosol. 606
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mRNA synthesis, translation, and MTS binding competence 607

The mRNA simulation begins after exit from the nucleus, as experiments can 608

fluorescently label and track mRNA once synthesized in the nucleus. The time spent by 609

mRNA in the nucleus is a normally-distributed time period with mean 60 s and 610

standard deviation of 30 seconds (if a negative time is selected, the distribution is 611

resampled until a positive time is yielded). After nuclear exit, the mRNA begins 612

simulated translation and diffusion through the cytosol. 613

Each mRNA has L codons. Ribosomes arrive and initiate translation with rate kinit 614

if the first codon is not occupied. Each ribosome on an mRNA moves forward to the 615

next codon at rate kelong if the next codon is not occupied. A ribosome on the L’th 616

(final) codon completes translation at rate kelong, leaving the final codon unoccupied. 617

mRNA decay at a rate kdecay once in the cytosol. The parameters kinit, kelong, and L 618

are varied to represent different genes (see below for the calculation of kinit and kelong 619

for particular genes). The mRNA decay rate is set to kdecay = 0.0017 s−1 per mRNA 620

molecule, such that the typical decay time for an mRNA molecule is 600 s. This decay 621

time is consistent with measured average yeast mRNA decay times ranging from 4.8 622

minutes [68] to 22 minutes [67]. Stochastic translation trajectories are generated using 623

the Gillespie algorithm [82,83]. 624

We applied two models of mRNA gaining mitochondrial binding competence through 625

mitochondrial targeting sequence (MTS) translation. For the instantaneous model, 626

mRNA are competent to bind mitochondria if there is a least one ribosome at or past 627

codon lMTS = 100. For the maturation model, once a ribosome reaches lMTS = 100, the 628

ribosome will gain competence to bind the mRNA to a mitochodrion at a rate kMTS. 629

This rate kMTS is included in the Gillespie algorithm, to select when a ribosome will 630

confer binding competence. 631

Diffusion 632

The cell volume is defined as concentric cylinders. Fig 1D shows a two-dimensional 633

cross-sectional view of this three-dimensional geometry: the volume extends along the 634

cylinder axis. The central cylinder is the mitochondria, which is maintained at a radius 635

rm = 350 nm. The radius R of the outer cylinder is selected to establish a desired 636

mitochondrial volume fraction. A typical yeast cell volume is V = 42 µm3. We assume 637

that 80% of this volume is not occupied by the nucleus and vacuole, and thus available 638

to mitochondria, the cytosol, and other cell components. Thus, the mitochondrial 639

volume fraction in the simulation (r2m/R
2) is set equal to 0.8fm where fm is the 640

reported volume fraction. Specifically, we set R = rm/
√

fm/0.8. We note that this 641

outer radius represents not the size of the cell as a whole, but rather the typical 642

separation between non-proximal tubes within the mitochondrial network. A particle 643

that hits the boundary of this outer cylinder would then begin to approach either the 644

same or another mitochondrial network tube (see Fig 1D). We thus treat the outer 645

cylinder as a reflecting boundary. 646

The simulation uses a propagator approach to sample the transitions of the mRNA 647

between concentric regions around the mitochondrion, analogous to previous approaches 648

used to simulate the dynamics of DNA-binding proteins [31] and diffusing 649

organelles [84]. The closest region (region 1), for radial distances 650

rm < r < ra = rm + 25 nm, is sufficiently close for a binding-competent mRNA to bind 651

a mitochondrion. mRNA within the intermediate cylindrical shell (region 2), with 652

ra < r < rb = rm + 250 nm, are sufficiently close to the mitochondrion that they appear 653

close in diffraction-limited imaging but are not sufficiently close to be able to bind. The 654

last cylindrical shell (region 3), for rb < r < R, represents the cell region where an 655

mRNA would not be near any mitochondria. 656
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We estimate the 25-nm binding distance by combining several contributions. The 657

yeast ribosome has a radius of 13 – 14 nm [85]. The MTS region, up to 70 amino acids 658

long, forms an amphipathic helix [39], a form of alpha helix. With an alpha helical pitch 659

of 0.54 nm and 3.6 amino acids per turn, a 31 amino acid MTS (the mean of 20 yeast 660

MTS lengths [86]) is approximately 5 nm in length. An additional few nanometers of 661

other peptide regions bridging the MTS to the ribosome provides an estimate of 25 nm 662

for the range of an MTS-bearing mRNA to bind mitochondria. The 250-nm imaging 663

distance is based on the Abbe limit to resolution with visible light [87]. 664

In the simulations, region 1 is treated as a cylinder with an absorbing boundary at 665

ra + ǫ. A particle that first enters the region is placed at initial position ra − ǫ and the 666

first passage time to the absorbing boundary is sampled from the appropriate Green’s 667

function for radially symmetric diffusion in a cylindrical domain [88]. Region 2 is 668

treated as a hollow cylinder with absorbing boundaries at ra − ǫ and rb + ǫ. Particles 669

that enter region 2 from region 1 start at position ra + ǫ and those that enter from 670

region 3 start at rb − ǫ. Region 3 is a hollow cylinder with absorbing boundary at rb − ǫ 671

and reflecting boundary at R. Particles that enter region 3 from region 2 start at 672

position rb + ǫ. The buffer width to prevent very short time-steps at the region 673

boundaries is set to ǫ = 10 nm. If the sampled transition time for leaving a region 674

occurs before the next translation process selected by the Gillespie algorithm, the 675

mRNA changes regions and the translation state transition times are then resampled. 676

mRNAs that first exit the nucleus are placed at position r = R. 677

Binding-competent mRNA in region 1 are unable to leave this region, because they 678

are bound to the mitochondrion. When a binding-competent mRNA in this region loses 679

binding competence, the mRNA is given a random radial position within rm < r < ra, 680

with the probability of the radial position proportional to r. 681

Simulated mRNA have a diffusivity of 0.1 µm2/s. This diffusivity remains constant 682

across genes and mRNA states, consistent with experimental measurements showing 683

little dependence of mRNA diffusivity on mRNA length [89] or number of translating 684

ribosomes [15]. 685

Localization measures 686

We use two types of localization measures, corresponding to different experimental 687

measurements. One measure considers an mRNA localized to mitochondria if the 688

mRNA is close enough to bind (rm < r < rm + 25 nm). This measure corresponds to 689

experiments that chemically bind nearby mRNA to mitochondria to determine the 690

fraction localized. The other measure considers an mRNA localized if the mRNA is 691

close enough that with diffraction-limited imaging the mRNA appears next to the 692

mitochondria (rm < r < rm + 250 nm). While quantitatively distinct, these measures do 693

not lead to qualitatively different results. 694

Ensemble averaging 695

For each localization measurement shown in our results, we simulate 50 mRNA 696

trajectories from synthesis to decay, with each trajectory having a lifetime (including 697

time spent in the nucleus) and a fraction of that lifetime spent mitochondrially localized. 698

The ensemble average is calculated by weighting the fraction localized of each trajectory 699

by the trajectory lifetime, 700

floc =

∑

i floc,iTlifetime,i
∑

i Tlifetime,i

, (14)

where floc,i is the fraction of trajectory i spent mitochondrially localized and Tlifetime,i 701

is the mRNA lifetime for trajectory i. The probability that an mRNA will be included 702
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in a localization measurement, through either experimental localization measurement 703

technique, is proportional to the lifetime of the mRNA. 704

Calculation of translation rates 705

We assume that each mRNA produces proteins at a rate kinit, so that the cell produces 706

a particular protein at a rate NmRNAkinit, where NmRNA is the number of mRNA for a 707

gene. For a steady state number of proteins, protein production must be balanced by 708

protein decay. We assume that the primary mode of effective protein decay is cell 709

division, such that each protein has an effective lifetime equal to a typical yeast division 710

time of Tlifetime = 90 minutes. The steady-state translation initiation rate is then taken 711

as 712

kinit =
Nprot/NmRNA

Tlifetime

. (15)

Protein per mRNA data [22, 37] provides relative, rather than absolute, numbers for the 713

number of proteins in a cell per mRNA of the same gene. Accordingly, we can rewrite 714

our expression for kinit as, 715

kinit =
αP

Tlifetime

, (16)

where P is the protein per mRNA measurement [22,37], and α is the proportionality 716

constant. To calibrate, we use the gene TIM50 as a standard, as there are available 717

measurements of Nprot = 4095 [22] and NmRNA,TIM50 = 6 [23]. From Eq 15, 718

kinit,TIM50 = 0.1264 s−1, and with PTIM50 = 15.12 and from Eq 16 gives α = 45.14. 719

With α and P , we estimate kinit across genes. 720

The steady-state number of ribosomes Nribo on an mRNA balances ribosome 721

addition to the mRNA at rate kinit and removal at rate kelongNribo/L, such that 722

kelong = kinitL/Nribo. Ribosome occupancy R [38] is proportional to the ribosome 723

density Nribo/L. We can thus write, 724

kelong
kelong,TIM50

=
kinit

kinit,TIM50

RTIM50

R
, (17)

and apply kelong,TIM50 = 4 aa/s [42] to estimate kelong across genes. 725

Calculating MTS exposure time and mature MTS numbers per 726

mRNA 727

In this section Eqs. 6 and 7 are derived. 728

We assume MTS maturation is a Poisson process, i.e. with constant rate kMTS. The 729

probability that an MTS has not yet matured at time t after its translation is 730

I(t) = e−kMTSt. After the MTS has been translated, the ribosome completes translation 731

after a mean time tmax = (L− lMTS)/kelong. For an MTS that matures before the 732

ribosome terminates translation, the mean waiting time twait from MTS translation to 733

maturity is 734

〈twait〉 =

∫ tmax

0
t Pmature(t) dt

∫ tmax

0
Pmature(t) dt

=
1

kMTS

1− e−kMTStmax(kMTStmax + 1)

1− e−kMTStmax

,

(18)

where Pmature = kMTSI(t). 735
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A fraction I(tmax) of translated MTS regions do not mature before translation 736

termination, so the mean time that a mature MTS is exposed on the mRNA is 737

〈texpo,mature〉 = [1− I(tmax)] 〈twait〉

=
1

kMTS

[

1− e−kMTStmax(kMTStmax + 1)
]

.
(19)

The number of mature MTSs per mRNA, βmature, is related to the mean number of
ribosomes 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,

βmature =

∫ L−lMTS

0

ρribo {1− I[t(x)]} dx

=
kinit
kelong

∫ L−lMTS

0

[

1− exp

(

−
kMTS

kelong
x

)]

dx

=
kinit
kelong

{

L− lMTS −
kelong
kMTS

[

1− exp

(

−
kMTS

kelong
[L− lMTS]

)]}

. (20)
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22. Morgenstern M, Stiller SB, Lübbert P, Peikert CD, Dannenmaier S, Drepper F,
et al. Definition of a High-Confidence Mitochondrial Proteome at Quantitative
Scale. Cell Reports. 2017;19(13):2836–2852.

23. Tsuboi T, Viana MP, Xu F, Yu J, Chanchani R, Arceo XG, et al. Mitochondrial
volume fraction and translation duration impact mitochondrial mRNA
localization and protein synthesis. eLife. 2020;9:e57814.

24. Viana MP, Brown AI, Mueller IA, Goul C, Koslover EF, Rafelski SM.
Mitochondrial fission and fusion dynamics generate efficient, robust, and evenly
distributed network topologies in budding yeast cells. Cell systems.
2020;10(3):287–297.

December 19, 2022 21/27



25. Williams CC, Jan CH, Weissman JS. Targeting and plasticity of mitochondrial
proteins revealed by proximity-specific ribosome profiling. Science.
2014;346(6210):748–751.

26. Tsuboi T, Leff J, Zid BM. Post-transcriptional control of mitochondrial protein
composition in changing environmental conditions. Biochemical Society
Transactions. 2020;48(6):2565–2578.

27. Saffman P, Delbrück M. Brownian motion in biological membranes. Proceedings
of the National Academy of Sciences. 1975;72(8):3111–3113.

28. Berg HC, Purcell EM. Physics of chemoreception. Biophysical journal.
1977;20(2):193–219.

29. Reguera D, Rubi J. Kinetic equations for diffusion in the presence of entropic
barriers. Physical Review E. 2001;64(6):061106.

30. Condamin S, Bénichou O, Tejedor V, Voituriez R, Klafter J. First-passage times
in complex scale-invariant media. Nature. 2007;450(7166):77–80.

31. Koslover EF, de la Rosa MAD, Spakowitz AJ. Theoretical and computational
modeling of target-site search kinetics in vitro and in vivo. Biophysical journal.
2011;101(4):856–865.

32. Brown AI, Westrate LM, Koslover EF. Impact of global structure on diffusive
exploration of organelle networks. Scientific reports. 2020;10(1):1–13.

33. Murugan A, Huse DA, Leibler S. Speed, dissipation, and error in kinetic
proofreading. Proceedings of the National Academy of Sciences.
2012;109(30):12034–12039.

34. Gladrow J, Fakhri N, MacKintosh FC, Schmidt C, Broedersz C. Broken detailed
balance of filament dynamics in active networks. Physical review letters.
2016;116(24):248301.

35. Brown AI, Sivak DA. Theory of nonequilibrium free energy transduction by
molecular machines. Chemical reviews. 2019;120(1):434–459.

36. Fang X, Wang J. Nonequilibrium thermodynamics in cell biology: Extending
equilibrium formalism to cover living systems. Annual review of biophysics.
2020;49:227–246.

37. Couvillion MT, Soto IC, Shipkovenska LS Gergana & Churchman. Synchronized
mitochondrial and cytosolic translation programs. Nature. 2016;533:499–503.

38. Zid BM, O’Shea EK. Promoter sequences direct cytoplasmic localization and
translation of mRNAs during starvation in yeast. Nature.
2014;514(7520):117–121.

39. Bacman SR, Gammage PA, M M, Moraes CT. Manipulation of mitochondrial
genes and mtDNA heteroplasmy. Methods Cell Biol. 2020;155:441–487.

40. Liutkute M, Samatova E, Rodnina MV. Cotranslational folding of proteins on the
ribosome. Biomolecules. 2020;10(1):97.

41. Bechtold B. Violin Plots for Matlab, Github Project; 2016.
https://github.com/bastibe/Violinplot-Matlab.

December 19, 2022 22/27



42. Riba A, Di Nanni N, Mittal N, Arhné E, Schmidt A, Zavolan M. Protein
synthesis rates and ribosome occupancies reveal determinants of translation
elongation rates. Proceedings of the National Academy of Sciences.
2019;116(30):15023–15032.

43. Arava Y, Wang Y, Storey JD, Liu CL, Brown PO, Herschlag D. Genome-wide
analysis of mRNA translation profiles in Saccharomyces cerevisiae. Proceedings
of the National Academy of Sciences. 2003;100(7):3889–3894.

44. von Heijne G. Mitochondrial targeting sequences may form amphiphilic helices.
The EMBO Journal. 1986;5(6):1335–1342.

45. Bykov YS, Rapaport D, Herrmann JM, Schuldiner M. Cytosolic events in the
biogenesis of mitochondrial proteins. Trends in Biochemical Sciences.
2020;45(8):650–657.

46. Young JC, Hoogenraad NJ, Hartl FU. Molecular Chaperones Hsp90 and Hsp70
Deliver Preproteins to the Mitochondrial Import Receptor Tom70. Cell.
2003;112(1):41–50.

47. Hoseini H, Pandey S, Jores T, Schmitt A, Franz-Wachtel M, Macek B, et al. The
cytosolic cochaperone Sti1 is relevant for mitochondrial biogenesis and
morphology. The FEBS Journal. 2016;283(18):3338–3352.

48. Stein KC, Kriel A, Frydman J. Nascent Polypeptide Domain Topology and
Elongation Rate Direct the Cotranslational Hierarchy of Hsp70 and TRiC/CCT.
Molecular Cell. 2019;75(6):1117–1130.e5.

49. Schneider-Poetsch T, Ju J, Eyler DE, Dang Y, Bhat S, Merrick WC, et al.
Inhibition of eukaryotic translation elongation by cycloheximide and
lactimidomycin. Nature Chemical Biology. 2010;6:209–217.

50. Chu D, Kazana E, Bellanger N, Singh T, Tuite MF, von der Haar T. Translation
elongation can control translation initiation on eukaryotic mRNAs. The EMBO
Journal. 2014;33(1):21–34.

51. Kasari V, Margus T, Atkinson GC, Johansson MJ, Hauryliuk V. Ribosome
profiling analysis of eEF3-depleted Saccharomyces cerevisiae. Scinetific Reports.
2019;9(3037).

52. Poulsen TM, Imai K, Frith MC, Horton P. Hallmarks of slow translation
initiation revealed in mitochondrially localizing mRNA sequences. bioRxiv. 2019;
p. 614255.

53. Sylvestre J, Vialette S, Corral Debrinski M, Jacq C. Long mRNAs coding for
yeast mitochondrial proteins of prokaryotic origin preferentially localize to the
vicinity of mitochondria. Genome Biology. 2003;4(7):R44.

54. Gebauer F, Hentze MW. Molecular mechanisms of translational control. Nature
reviews Molecular cell biology. 2004;5(10):827–835.

55. Espah Borujeni A, Salis HM. Translation initiation is controlled by RNA folding
kinetics via a ribosome drafting mechanism. Journal of the American Chemical
Society. 2016;138(22):7016–7023.

56. Backes S, Hess S, Boos F, Woellhaf MW, Gödel S, Jung M, et al. Tom70
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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). Ribosome 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.

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 calculated 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.

S3 Fig. Violin plot 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) 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.

S4 Fig. Mitochondrial localization vs mitochondrial volume fraction for

ATP3 for model with 40-second maturation time and with translation kinetics
estimated from experimental 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.

S1 File. Supporting data. Data files and accompanying text files, as well as
Matlab programs to create each plot.
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