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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:
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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 ¼
kS

kS þ kU
ð1Þ

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 ¼
kR

kR þ kL
ð2Þ

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 ¼ fs þ ð1 � fsÞfd : ð3Þ

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 ¼
1

1þ ð1 � fsÞð1 � fdÞ=fd
: ð4Þ

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 ¼
kinitðL � lMTSÞ

kelong
: ð5Þ

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%).
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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

bmature ¼
kinit
kelong

L � lMTS �
kelong
kMTS

1 � exp �
kMTS
kelong
½L � lMTS�

 !" #( )

: ð6Þ

The mean time that each MTS is binding competent is

texpo;mature ¼ 1 � e� kMTStð Þ
1

kMTS

1 � e� kMTSTtotalðkMTSTtotal þ 1Þ

1 � e� kMTSTtotal

� �

: ð7Þ

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]

tsearch ¼
1

2D
r4

2

r2
2
� r2

1

log
r2

r1

� �

�
3r2

2
� r2

1

4

� �

: ð8Þ

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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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
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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
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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
¼ kSUN þ kRSF � kUSN ; ð9aÞ

dSF
dt
¼ kSUF � ðkU þ kRÞSF ; ð9bÞ

dUN

dt
¼ kUSN þ kRUF � ðkS þ kLÞUN ; ð9cÞ

dUF

dt
¼ kUSF þ kLUN � ðkS þ kRÞUF : ð9dÞ

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 ¼
1

Z
kRkSðkL þ kR þ kS þ kUÞ

kLkUðkR þ kUÞ
; ð10aÞ

ŜF ¼
1

Z
kS

kR þ kU
; ð10bÞ

ÛN ¼
1

Z
kRðkR þ kS þ kUÞ

kLðkR þ kUÞ
; ð10cÞ

Û F ¼
1

Z
; ð10dÞ

with

Z ¼
ðkS þ kUÞ½kLðkR þ kUÞ þ kRðkR þ kS þ kUÞ�

kUkLðkU þ kRÞ
; ð11Þ

for state probabilities ŜN þ ŜF þ ÛN þ Û F ¼ 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 ¼ ŜN þ ÛN ’ fs þ ð1 � fsÞfd ; ð12Þ

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

1þ ð1 � fsÞð1 � fdÞ=fd
: ð13Þ

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=R

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

R ¼ rm=
ffiffiffiffiffiffiffiffiffiffiffiffiffi
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 ¼
P

ifloc;iTlifetime;iP
iTlifetime;i

; ð14Þ

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 ¼
Nprot=NmRNA

Tlifetime
: ð15Þ

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 ¼
aP

Tlifetime
; ð16Þ

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

¼
kinit

kinit;TIM50

RTIM50
R

; ð17Þ

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 ¼
R tmax

0
t PmatureðtÞ dt

R tmax
0

PmatureðtÞ dt

¼
1

kMTS

1 � e� kMTStmaxðkMTStmax þ 1Þ

1 � e� kMTStmax
;

ð18Þ

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 ¼ ½1 � IðtmaxÞ�htwaiti

¼
1

kMTS
1 � e� kMTStmaxðkMTStmax þ 1Þ
� �

:
ð19Þ

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 ¼

Z L� lMTS

0

rribof1 � I½tðxÞ�g dx

¼
kinit
kelong

Z L� lMTS

0

1 � exp �
kMTS
kelong

x

 !" #

dx

¼
kinit
kelong

L � lMTS �
kelong
kMTS

1 � exp �
kMTS
kelong

L � lMTS½ �

 !" #( )

:

ð20Þ
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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.
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