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elF5A controls mitoprotein import by relieving
ribosome stalling at TIM50 translocase mRNA

Marina Barba-Aliaga®>3®, Vanessa Bernal**@, Cynthia Rong>®, Madeleine E. Volfbeyn*®, Keguang Zhang*®, Brian M. Zid*®, and Paula Alepuz+?®

Efficient import of nuclear-encoded proteins into mitochondria is crucial for proper mitochondrial function. The conserved
translation factor elF5A binds ribosomes, alleviating stalling at polyproline-encoding sequences. elF5A impacts mitochondrial
function across species, though the precise molecular mechanism is unclear. We found that elF5A depletion in yeast reduces
the translation and levels of the TCA cycle and oxidative phosphorylation proteins. Loss of elF5A causes mitoprotein
precursors to accumulate in the cytosol and triggers a mitochondrial import stress response. We identify an essential
polyproline protein as a direct target of elF5A: the mitochondrial inner membrane protein and translocase component Tim50.
Thus, elF5A controls mitochondrial protein import by alleviating ribosome stalling along Tim50 mRNA at the mitochondrial
surface. Removal of polyprolines from Tim50 partially rescues the mitochondrial import stress response and translation of
oxidative phosphorylation genes. Overall, our findings elucidate how elF5A impacts the mitochondrial function by promoting
efficient translation and reducing ribosome stalling of co-translationally imported proteins, thereby positively impacting the

mitochondrial import process.

Introduction
Mitochondria are complex eukaryotic organelles with endo-
symbiotic origin (Roger et al., 2017). In eukaryotes, mitochon-
dria are essential for energy production and macromolecular
synthesis as they house key metabolic processes such as oxida-
tive phosphorylation (OXPHOS), electron transport chain (ETC),
or tricarboxylic acid (TCA) cycle, and lipid, amino acids, heme,
and Fe-S clusters synthesis. Besides, mitochondria also partici-
pate in other cellular processes including Ca*? homeostasis and
apoptosis. Given its cellular essentiality, mitochondrial function
is critical in health and disease and is a pivotal hallmark of aging-
related disorders (Balaban et al., 2005; Boengler et al., 2017).
The mitochondrial proteome comprises about 1,000 proteins
in budding yeast (Schmidt et al., 2010). While the mitochondrial
genome encodes 1% of them, the other 99% are encoded in the
nuclear genome (Borst and Grivell, 1973). Therefore, these
nuclear-encoded mitochondrial proteins, herein termed mito-
proteins, need to be transported into the mitochondria to fulfill
their biological function. Mitoprotein import is therefore a key
process for optimal mitochondrial function (Bykov et al., 2020).
Mitoproteins are imported into the mitochondria through both
post- and co-translational mechanisms. In the first case, cyto-
solic chaperones bind to and keep mitoproteins in an unfolded
import-competent conformation until delivered to receptors at

the mitochondrial surface (Hansen and Herrmann, 2019). Co-
translational translocation implies the coupling of synthesis
and import, with mRNA localization to the mitochondrial sur-
face (Kellems and Butow, 1972; Williams et al., 2014; Tsuboi
et al,, 2020).

Protein translocases in the mitochondrial outer and inner
membrane (MOM and MIM) mediate the import and sorting of
proteins into mitochondria. Mitoproteins initially enter the or-
ganelle through the general translocase of the outer membrane
(TOM complex), known as the universal entry gate. Most
mitoproteins are recognized by their N-terminal positively
charged presequences, the most common mitochondrial target-
ing sequences (MTS) (Vogtle et al., 2009). Usually, mitoproteins
contact the central receptor Tom20 and cross to the inter-
membrane space (IMS) through Tom40, the B-barrel pore-
forming subunit. Mitoproteins targeting the MIM or the
mitochondrial matrix (MM) are then recognized by the major
translocase of the inner membrane (TIM23 complex), with
Tim23 as the central subunit and translocase pore and Tim50 as
the receptor protein that specifically recognizes the MTS. TIM
translocation is energetically driven by the MIM membrane
potential and the action of the mtHsp70 motor system. Once
reaching their destination, the MTS sequence is cleaved and the
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protein is folded. Mitoproteins with no MTS show unclear tar-
geting signals and their import is mediated by other translocases
(see reviews Wiedemann and Pfanner, 2017; Lenkiewicz et al.,
2022; Haastrup et al., 2023).

Import failure of mitoproteins leads to proteotoxic effects
inside and outside the mitochondria, as unfolded precursors
accumulate on the translocases and in the cytosol, which is
detrimental to cellular fitness and is associated with various
diseases. However, yeast cells are equipped with several stress
responses which include transcriptional and translational re-
programming, reducing the protein synthesis, and increasing
proteasomal activity to remove accumulated precursors from
translocases and cytosol (Wang and Chen, 2015; Wrobel et al.,
2015; Boos et al., 2019; Weidberg and Amon, 2018; Martensson
et al., 2019).

Eukaryotic translation initiation factor 5A (eIF5A) is an
essential and highly conserved protein across eukaryotes and
archaea (Schnier et al., 1991). eIF5A promotes the translation
elongation not only between amino acids known to be poor
substrates for the formation of peptide bonds that may stall
translation, such as polyproline motifs, but also combinations of
proline, glycine, and charged amino acids (Gutierrez et al., 2013;
Pelechano and Alepuz, 2017; Schuller et al., 2017). eIF5A is the
only known cellular protein containing the posttranslational and
essential modification hypusine, and in most eukaryotes, it is
codified by two highly homologous isoforms, TIF5IA and TIF51B
in yeast (Jenkins et al., 2001; Park et al., 2021). eIF5A expression
is regulated according to the metabolic demands of the cell. In
yeast, TIF5IA gene is upregulated under respiratory conditions
by the transcription (activator/repressor) factor Hapl (Barba-
Aliaga et al., 2020; Barba-Aliaga and Alepuz, 2022a), which re-
sponds to changes in oxygen and heme levels to activate the
transcription of many respiratory genes (Zhang and Hach, 1999).
However, under hypoxic/non-respiratory conditions, Hapl re-
presses TIF5IA expression (Barba-Aliaga et al., 2020; Barba-
Aliaga and Alepuz, 2022a).

The cellular adaptation of eIF5A expression according to the
energetic status of the cell highlights the essential role of eIlF5A
in mitochondrial function. Thus, a reduction in eIF5A protein
triggers a decrease in the mitochondrial respiration rate and its
membrane potential (Barba-Aliaga et al., 2020; Barba-Aliaga and
Alepuz, 2022a, 2022b; Melis et al., 2017; Giraud et al., 2020). In
addition, mitochondrial localization of eIF5A has been reported
(Liu et al., 2012; Miyake et al., 2015; Pereira et al., 2016). Until
now, two alternative but related mechanisms to explain the
eIF5A role in mitochondrial function have been described. First,
elF5A was reported to control the synthesis and activity of many
mitoproteins of macrophage cells. The MTSs of some of them
were sufficient to confer hypusinated eIF5A-dependent trans-
lation efficiency, suggesting that eIFS5A might regulate mito-
chondrial activity by promoting, directly or indirectly, the
translation of MTSs of some mitoproteins, which are rich in
charged amino acids (Puleston et al., 2019). In connection with
this, Zhang et al. (2022) reported how eIFSA promotes the
translation of some yeast respiratory proteins in response to
oxygen levels and suggested that eIF5A and its hypusine would
favor a suitable interaction between the amino acids from the
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MTSs regions and the peptide exit tunnel. Here, we describe an
alternative molecular mechanism by which eIF5A promotes
mitochondrial activity. Our findings demonstrate that eIF5A
plays a crucial role in maintaining mitochondrial function by
alleviating ribosome stalling during the translation of the co-
translationally imported protein Tim50. This mechanism is
essential for efficient mitochondrial protein import and trans-
location. We observed that depletion of eIF5A triggers a cascade
of events: accumulation of precursor proteins in the cytosol,
activation of the mitochondrial import stress response, and a
subsequent reduction in the translation and levels of many mi-
tochondrial proteins. By specifically facilitating the translation
of Tim50 and other similar proteins, eIF5A prevents the initia-
tion of this stress response, thereby ensuring proper mito-
chondrial protein import and maintaining overall mitochondrial
health and function. This newly discovered role of eIF5A rep-
resents a distinct pathway through which it contributes to cel-
lular homeostasis, particularly in the context of mitochondrial
activity.

Results

Depletion of elF5A results in the downregulation of many
mitochondrial proteins including components of OXPHOS,
TCA, and mitochondrial membrane transporters

We and others have found that eIF5A is necessary to maintain
high mitochondrial activity; additionally, several mitoproteins
whose levels drop in the absence of functional eIF5A have been
identified in yeast and mammalian cells (Puleston et al., 2019;
Barba-Aliaga et al., 2020; Barba-Aliaga and Alepuz, 2022a;
Zhang et al.,, 2022). To expand our knowledge on the role of
elF5A in mitochondria, we performed a proteomic experiment
in which wild-type and two eIF5A temperature-sensitive mutant
yeast strains, tif51A-1 carrying a single point mutation (Pro83 to
Ser), and tif5IA-3 carrying a double point mutation (Cys39 to Tyr,
Gly118 to Asp) (Li et al., 2011, 2014) were exponentially grown in
YPD media at 25°C and then incubated at 41°C for 4 h to get a
strong depletion of eIF5A. Data from the three replicates shown
in the multidimensional scaling (MDS)-plot indicated that eIF5A
mutants are already different in their proteome with respect to
the wild-type at permissive temperature, and this difference is
exacerbated at restrictive temperature (Fig. S1 A). We also
confirmed the response of wild-type to heat stress conferred by
incubation at 41°C as there was an enrichment in the functional
categories (Gene Ontology [GO]) of “Cellular response to stress”
in its upregulated proteins (Fig. S1 C). We calculated the 41°C/
25°C fold change of protein levels and then the ratios between
this fold change for each mutant with respect to the wild-type.
Out of the 1,358 proteins detected in the three strains, 292 were
significantly downregulated and 135 upregulated in at least one
mutant with respect to the wild-type (138 down- and 38
upregulated in both eIF5A mutants). Downregulated proteins
were enriched in several functional categories related to mito-
chondria (Fig. S1 D and Table S1), including OXPHOS proteins
and TCA enzymes (Fig. 1, A and B; and Table S1). We observed
that several mitochondrial membrane transporters were also
downregulated, as the phosphate (Mirl) and the ADP/ATP (Pet9)
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Figure 1. Proteomic analysis of elF5A depletion shows downregulation of mitochondrial proteins. (A) Volcano plot showing the log, fold change values
(tif51A% relative to wild-type) of 1,358 detected proteins plotted against their associated -logyo P values. tif51A® stands for the average values obtained for the
two elF5A temperature-sensitive strains (tif5IA-1 and tif51A-3). Dots representing individual proteins were divided in five different groups: P value >0.05
(black); P value <0.05 (grey); OXPHOS/TCA proteins (red); mitochondrial transport proteins (orange); translation proteins (blue); and drug membrane transport
proteins (magenta). (B) Cumulative distributions of log, fold changes of all proteins detected (grey), OXPHOS/TCA (red), and ribosomal proteins (blue). (C-G)
Wild-type, tif51A-1, and tif51A-3 strains were cultured in YPD at 25°C until the early exponential phase and transferred to 25°C or 41°C for 4 h. elF5A, Porl,
Hsp60, Corl, and Idh1 protein levels were determined by western blotting (C) and quantified (D and F). G6épdh levels were used as loading control. A rep-
resentative image is shown from three independent experiments. (E and F) PORI, HSP60, COR1, and IDHI mRNA relative levels were determined by RT-qPCR.
Data information: In D-G, results are presented as mean = SD from three independent experiments. The statistical significance was measured by using a two-
tailed paired Student’s t test. *P < 0.05, **P < 0.01, ***P < 0.001. The asterisks located above the columns of the graph represent a comparison between 41°C
and 25°C conditions within the same strain. The asterisks found at the top of the bars additionally indicate comparisons between the indicated strains at the
same treatment condition. n.s means no significant differences. Source data are available for this figure: SourceData F1.
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MIM carrier proteins and receptor members of the TOM
translocase of the MOM (Tom20, Tom70) (Fig. 1, A and B; and
Fig. S1 D and Table S1). To independently corroborate the pro-
teomic results, we confirmed the reduction in the levels of
several downregulated mitoproteins, the Porl porin of the MOM,
the Hsp60 chaperone of the MM, the Corl component of the
MIM ETC, and the Idhl NAD*-dependent isocitrate dehydro-
genase of the TCA cycle in both tif5IA-1 and tif5IA-3 mutants at
the restrictive temperature (Fig. 1, C, D, and F), with no changes
in mRNA levels (Fig. 1, E and G). On the other hand, proteins of
functional categories related to cytoplasmic translation were up-
regulated in eIF5A mutants with respect to wild-type due to a
lower decrease in the 41°C/25°C fold change in the eIF5A mu-
tants (Fig. 1, A and B; and Fig. S1 D). Proteins of the category
“drug membrane transport” (Snq2, Yorl, Qdr2, Pdr5) were also
upregulated in the eIF5A mutants at 41°C (Fig. 1 A, Fig. S1D, and
Table S1). In sum, the proteomic results indicated, among other
effects, the requirement of eIF5A to maintain adequate protein
levels of a wide range of mitoproteins.

Although depleting eIF5A via temperature-sensitive mutants
is usually performed at 37°C (Li et al., 2014; Pelechano and
Alepuz, 2017), we have used herein a highly restrictive tem-
perature (41°C) to achieve a robust depletion of eIF5A. None-
theless, we validated a similar growth impairment and eIF5A
protein depletion in the two temperature-sensitive mutants at
both temperatures, along with a significant reduction of the
mitoprotein Porl compared with wild-type at both 37°C and 41°C
(Fig. S1, B and E).

An important outcome of our proteomic analysis was that
among the downregulated mitoproteins upon eIF5A deple-
tion, most of them did not contain consecutive prolines nor a
high number of other eIlF5A-dependent motifs in their se-
quences (Pelechano and Alepuz, 2017; Schuller et al., 2017)
(Table S1). This finding had been previously observed in yeast
and mammalian cells (Puleston et al., 2019; Zhang et al.,
2022) and suggests a general downregulation of mitochon-
drial protein levels in the absence of eIF5A and, thus, a role
for eIF5A different from that well-described and direct one
on translating problematic amino acids for peptide bond
formation.

elF5A depletion causes a downregulation of mitochondrial
protein translation

The specific decrease in the levels of mitoproteins upon eIF5A
depletion could be explained by decreased translation of the
corresponding mRNAs, as it is suggested by similar or even
higher mRNA levels of the downregulated proteins Porl, Hsp60,
Corl, and Idhl in tif51A-1 and tif51A-3 mutants (Fig. 1, E and G). To
further investigate if the general downregulation of mitopro-
teins occurred at the translational level, we obtained polysome
profiles for wild-type and tif5]A-1 strains in galactose media to
promote respiration at both permissive (25°C) and restrictive
(37°C) temperatures and determined the distribution of specific
mRNAs among the different polysomal fractions. Importantly,
polysomes were maintained in both strains at both temper-
atures, indicating that global translation was not significantly
affected (Fig. 2, A and B). Based on the specific mRNA profiles
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obtained by quantitative PCR (qPCR) analysis, we decided to
classify the mRNAs for analysis as short (<600 bp) or long (>600
bp) ORF length mRNAs (Table S5 and detailed explanation in
Materials and Methods section). To analyze the distribution of short
length RNAs along the fractions, we divided the polysome profiles
into three different sections corresponding to the monosomal
fractions (M), light fractions occupied by mRNAs with 2 or 3 ri-
bosomes (2n-3n), and the rest of the heavy polysomal fractions (P).
For long-length RNAs, we used the sections corresponding to the
monosomal fractions (M), fractions with 2-8 ribosomes (2n-8n) and
the rest of the heavy polysomal fractions (P) (Fig. S2 A). In agree-
ment with unaffected global translation, we found no differences in
the ratios P/2n-3n and P/2n-8n between the two strains at both
permissive and restrictive temperatures (Fig. S2, B and C).

Next, we investigated the distribution of mRNAs encoding for
mitoproteins with different biological functions and intramito-
chondrial localization (Table S5). Since no differences were found
in the monosomal fractions upon eIF5A depletion (Fig. S2, D-I), we
calculated the fold change between the mRNA abundance found at
heavy and light polysomal fractions. Significant lower ratios were
observed for PET9, TOM20, and TOM70 mRNAs encoding mito-
chondrial transporters (ADP/ATP carrier and receptors of the
TOM complex, respectively) at the MIM and MOM in the
tif51A-1 strain at restrictive temperature (Fig. 2 C and Fig.
S2 D), with no significant differences at permissive temper-
ature (Fig. S2 G). These results indicated that the mRNA
abundance was shifted to earlier fractions and translation
was reduced. Similar results were observed for the ATP],
CYCl1, and COX5A mRNAs encoding OXPHOS components at
the MM, IMS and MIM, respectively (Fig. 2 C; and Fig. S2, E
and H). The statistically significant movement toward the
lighter fractions is indicative of translation downregulation
but it could be alternatively indicative of the stall of ribo-
somes in the 5 ORF regions and/or at the predicted MTS
(Table S5). The reported lower ribosome association with the
mitochondrial mRNAs upon eIF5A depletion was in agree-
ment with our proteomic analyses since seven out of the eight
tested mRNAs encoding for mitoproteins were detected in the
proteomic study and showed downregulation of the protein
levels in the two eIF5A mutants at the restrictive temperature
(Table S1).

We also studied the translation of the constitutively ex-
pressed ACTI, RPP2B, and EFT2 mRNAs encoding actin, a ribo-
somal protein and translation elongation factor, respectively,
localized in the cytosol. Similar ratios were found between the
wild-type and tif5]A-1 strains at both temperatures, indicating
that the translation of these mRNAs remained unaffected in the
absence of eIF5A (Fig. 2 C; and Fig. S2, F and I), which agrees
with the finding that global translation is not affected in the
tif51A-1 mutant (Fig. S2, B and C).

To specifically address whether the synthesis of mitoproteins
by translation is downregulated upon eIF5A depletion, we used a
reporter construct integrated into the URA3 locus, consisting of a
tetO, inducible promoter and a nanoluciferase (nLuc) reporter
ORF for measuring the kinetics of protein synthesis. This system
was recently used to quantify protein levels and translation stall
duration from reporter mRNAs in yeast (Hou et al., 2023). We
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Figure 2. The levels of mitochondrial proteins are post-transcriptionally affected upon elF5A depletion. (A and B) Polysome profiles were obtained for
wild-type and tif51A-1 strains cultured in SGal at 25°C (A) or 37°C (B) for 4 h. A representative profile is shown from three independent experiments (left). The
average polysome and monosome area is represented for each strain at both temperatures (right). (C) The RNA from individual fractions of the polysome
profiles was extracted and the mRNA levels were analyzed by RT-qPCR using gene-specific primers in the corresponding sections at restrictive temperature.
Fold change (FC) between the heavy and the low polysomal sections are presented. (D) Wild-type strain and tif51A-1 expressing nLuc, Cycl-nLuc, Cox5a-nlLuc,
or Sdh2-nLuc (from left to right) reporters were cultured in YPD until early exponential phase and then transferred to 25°C or 37°C for 4 h. After addition of
doxycycline to induce luciferase expression, the luminescence levels generated by the nLuc 60 min after the addition of the furimazine substrate were
measured. Data information: In A-D, results are presented as average + SD from three independent experiments. The statistical significance was measured by
using a two-tailed paired Student’s t test. *P < 0.05, **P < 0.001, ***P < 0.001. n.s means no significant differences.

generated fusions of the OXPHOS genes CYCI and COX5A and the
TCA enzyme SDH2 to the nLuc reporter gene. After inducing
expression, we analyzed the protein synthesis by incubating for
1h in anhydrotetracycline-supplemented media. We did not find

significant differences in protein synthesis between the tif51A-1
mutant and the wild-type strain at restrictive temperature for
the nLuc reporter alone, which targets the cytosol (Fig. 2 D).
However, the synthesis of Cycl, Cox5a, and Sdh2 luciferase
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fusions was significantly affected at restrictive temperatures in
the tif51A-1 strain (Fig. 2 D).

Altogether, the obtained results point toward a specific
mechanism connected to eIF5A to coordinately reduce the syn-
thesis of mitoproteins at the translation level and, therefore,
mitochondrial protein levels. However, this mechanism seems
to not be connected to the presence of peptides requiring eIF5A
for their synthesis during translation as none of the investigated
mitochondrial mRNAs encode for polyprolines nor a high
number of other eIF5A-dependent motifs.

elF5A depletion induces the mitochondrial protein import
stress mitoCPR and MitoStores

The “drug membrane transport” functional group, which in-
cludes the ATP-binding cassette (ABC) transporters Pdr5, Snq2,
and Yorl, was found among the few GOs upregulated in the e[F5A
mutant in our proteomic study (Fig. 1 A and Fig. S1 D and pro-
teomic DATA). The evolutionarily conserved transporter PDR5
has been shown to be induced during the mitochondrial stress
response called the mitochondrial compromised protein import
response (mitoCPR) (Weidberg and Amon, 2018). mitoCPR is
induced upon defects in the translocation and import of mito-
proteins to increase the activity of the proteasome in the cytosol,
remove accumulated precursors from the TOM complex, and
stabilize homeostasis. This response relies on the Pdr3-mediated
transcriptional activation of different genes related to the mul-
tidrug resistance response, such as PDR5, which is involved in
lipid metabolism and transport. The Pdr3-induced expression of
Cisl, among others, recruits the AAA-protease Mspl to the TOM
translocase of the MOM to mediate the removal of accumulated
mitoproteins upon import failure (Weidberg and Amon, 2018). To
investigate if the mitoCPR response was induced upon eIF5A
depletion, we analyzed the mRNA expression of PDR3 and the
Pdr3-responsive genes MPSI, GRE2, PDRI, PDR3, PDR5, PDRI5, and
CISI in the tif51A-1 mutant at restrictive temperature. The tif51A-1
mutant, but not the wild-type, showed a significant upregulation
of all genes except MSPI, with CISI and PDR5 the most induced
mRNAs (Fig. 3 A).

When induced by Pdr3, the Pdr5 ABC membrane transporter
is observed in the plasmatic membrane, where it mediates the
efflux of xenobiotics, as well as in the vacuole, where it is de-
graded (Sarkadi et al., 2006). We fused the Pdr5 ORF to GFP and
analyzed its cellular localization by fluorescence microscopy. We
found that the levels of Pdr5 were almost non-detectable in the
wild-type strain at both temperatures as well as in the tif51A-1
strain at permissive temperature. However, at restrictive tem-
peratures, Pdr5 protein levels were significantly induced in the
tif51A-1 strain and could be observed at their expected cellular
locations (Fig. 3, B and C). Then, we added Nile Red, a Pdr5-
specific substrate that stains lipid granules, to the cell cultures.
We observed a red fluorescent signal inside the cells in all the
tested conditions except for the tif51A-1 mutant at restrictive
temperature, indicating that high Pdr5 pumping activity ex-
cludes the Nile Red from these cells (Fig. S3, A and B).

Along with a transcriptional response, it has been found that
mitoproteins can aggregate in the cytosol upon induction of
mitochondrial import stress (Nowicka et al., 2021; Kramer et al.,
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2023). To explore the potential mislocalization of mitoproteins
targeted to different locations within the mitochondria follow-
ing eIF5A depletion, we investigated their distribution relative
to a Su9-mCherry marker, which served to visualize the overall
mitochondrial network. Tom70 is part of the TOM complex,
placed in the MOM. Cytochrome c isoform 1 (Cycl) is involved in
the transfer of electrons during cellular respiration and targets
the IMS. Ytal2 is an m-AAA protease component required
for the degradation of misfolded or unassembled proteins and
targets the MIM. Ilv2 is an acetolactate synthase involved in the
synthesis of isoleucine and valine and targets the MM. We found
that the outer membrane protein Tom70 shows no difference
between the wild-type and tif5IA-1 mutant at permissive and
restrictive temperatures (Fig. 3 D and Fig. S3 C). Fig. 3, E-G show
that at restrictive temperatures Ytal2, Cycl, and Ilv2 are local-
ized in the mitochondria in the wild-type strain but, in the
tif51A-1 mutant, they also form foci, which do not co-localize to
the mitochondria. On the contrary, no foci were observed at
permissive temperatures (Fig. S3, D-F). Although Ilv2 has been
described to accumulate as one big aggregate in the nucleus
upon protein import failure (Shakya et al., 2021), we found that
in the absence of eIF5A, this protein accumulates in multiple and
distributed foci, similarly to the mislocalized protein aggregates
of Cycl and Ytal2.

Next, we asked about the intracellular localization and
composition of these eIlF5A-dependent mitoprotein foci. Differ-
ent cellular destinations for mitoprotein aggregates have been
described including the cytosol, endoplasmic reticulum, and
nucleus (Shakya et al., 2021). DAPI staining of the nucleus of the
cells indicated that Cycl aggregates were not co-localizing in the
nucleus and thus seemed to be part of the cytosol (Fig. 3 H). To
gain insight into the accumulation of non-imported mitochon-
drial precursors in cytosolic granules upon eIF5A depletion, we
investigated whether chaperones such Hspl04 could be con-
trolling this process. Hspl04 is a disaggregase that binds to ag-
gregated or misfolded proteins and disentangles them in an
ATP-dependent manner (Sanchez and Lindquist, 1990; Gates
et al., 2017; Hill et al., 2017). Recently, it was found that induc-
tion of mitochondrial import stress can cause cytosolic accu-
mulation and co-localization of MM-destined precursor proteins
with Hspl04 granules. We fused Hspl04 ORF to RFP in a strain
already expressing Cycl-GFP and analyzed its cellular localiza-
tion. We found that a high percentage (>80%) of Hsp104 foci co-
localize with Cycl aggregates (Fig. 3 I and Fig. S4 H).

Altogether, these results suggest that depletion of eIF5A
compromises mitochondrial protein import as the induction of
the Pdr3-mediated mitoCPR response and the cytosolic Hspl04
aggregation of precursor mitoproteins into MitoStores have
been described as mechanisms to reduce toxicity from accu-
mulated mitoprotein precursors and to restore cellular homeo-
stasis upon import failure.

elF5A alleviates ribosome stalling of TIM50 mRNA encoding
the co-translationally imported MIM receptor

Given the elevated mitochondrial protein import stress response
found upon eIF5A depletion, we sought to explore the mecha-
nism by which eIF5A impacts mitochondrial protein import.
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Figure 3. elF5A deficiency generates mitoCPR stress and mislocalization of mitoproteins. (A) Wild-type strain and tif51A-1 were cultured in SGal medium
at 25°C until reaching post-diauxic phase and then transferred to 25°C or 37°C for 4 h. mRNA relative levels from mitoCPR genes were determined by RT-qPCR.
(B) Wild-type strain and tif51A-1 expressing Pdr5-GFP were cultured as in A and then subjected to fluorescence microscopy. (C) Quantification of Pdr5-GFP
fluorescent signal from at least 150 cells. (D-G) Wild-type strain and tif51A-1 expressing Tom70-GFP (D), Yta12-GFP (E), Cyc1-GFP (F), or Ilv2-GFP (G) and Su9-
mCherry were cultured as in A and subjected to fluorescence microscopy. Scale bar, 4 um. (E) Quantification of cells with Ytal2 aggregates at 37°C is shown
(right). (H) Wild-type strain and tif51A-1 expressing Cyc1-GFP and Su9-mCherry were cultured as in A and incubated for 30 min with DAPI prior microscopy to
stain the nuclei. Scale bar, 4 um. (1) Wild-type strain and tif51A-1 expressing Cycl-GFP and Hsp104-RFP were cultured as in A and subjected to fluorescence
microscopy. Scale bar, 4 um. (B and D-I) A representative image is shown from three independent experiments. Arrows in E-H indicate mitoprotein cytosolic
aggregates. Data information: In A, C, and E, results are presented as mean + SD from three independent experiments. The statistical significance was
measured by using a two-tailed paired Student’s t test. *P < 0.05, ***P < 0.001. n.s means no significant differences.
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Tim50 protein is a receptor component of the MIM translocase
complex TIM23, which recognizes the N-terminal MTS-containing
proteins after emerging from the TOM complex and mediates their
import to the mitochondrial inner membrane and matrix
(Mokranjac and Neupert, 2009; see review Chaudhuri et al., 2021).
Interestingly, Tim50 contains 10 proline residues in a 14-amino
acid region in the first half of the protein with 7 of them consec-
utive (Fig. 4 A) and, therefore, is a proposed putative eIF5A target
(Barba-Aliaga and Alepuz, 2022b). This region is quite conserved
across different yeast species (Fig. S4 A). In addition, TIM50
overexpression has previously been found to induce mitochondrial
protein import defects (Weidberg and Amon, 2018). We therefore
sought to investigate the possible role of eIF5A in TIM50 mRNA
translation. First, we genomically attached an HA tag to Tim50 to
quantify the impact of eIF5A depletion on endogenous Tim50 ex-
pression. We found a significant drop in Tim50 protein levels upon
elF5A depletion with no decrease in its mRNA levels (Fig. S4 B).
Moreover, expressing a FLAG-TIM50-GFP version under a GAL-
inducible system, we detected a reduction in Tim50 protein syn-
thesis in the two eIF5A mutants, which was not due to lower levels
of the corresponding mRNA, further suggesting a role of elF5A in
the translation of TIM50 mRNA (Fig. S4 C).

Tim50 protein half-life is ~9.6 h (Christiano et al., 2014),
which makes it more difficult to measure large differences in
new protein synthesis. Therefore, to accurately test and quantify
the eIlF5A-dependency for TIM50 mRNA translation, we fused
two different versions of the TIM50 DNA sequence to a TetO,-
inducible nLuc reporter: the first one expressing the wild-type
TIM50 sequence and the second one expressing TIM50 with a
deletion of the seven consecutive prolines (Tim50A7Pro) (Fig. 4
B). After inducing expression, we analyzed the protein synthesis
by incubating for 1 h in anhydrotetracycline-supplemented
media the wild-type and mutant cells. After analyzing the pro-
tein synthesis, it was observed that the tif5]1A-1 mutant showed a
threefold reduction in the synthesis of Tim50 at restrictive
temperature compared with the wild-type strain, further sug-
gesting Tim50 as an elFSA target for translation elongation
(Fig. 4 C). Considering that final protein abundance is deter-
mined by both mRNA levels and translation, we confirmed that
the lower protein levels were not attributed to TIM50 tran-
scription since the mRNA levels were even slightly higher in the
tif51A-1 mutant at restrictive temperature compared with wild-
type (Fig. S4 D). To test if the decrease in protein synthesis was
due to the presence of a high number of prolines in the Tim50
sequence, we analyzed the Tim50 version containing deletions
of the seven consecutive prolines. Results indicated that after
removing the proline-rich region of Tim50, protein synthesis
was rescued in the tif51A-1 mutant at 37°C and reached similar
protein levels in the wild-type strain (Fig. 4 D).

Inducible reporter assays enabled us to calculate both the
overall expression levels as well as the time needed for trans-
lation elongation through the region upstream of the nLuc re-
porter gene (Masser et al., 2016; Hou et al., 2023). By using the
Schleif plotting technique (Schleif et al., 1973; Zhu et al., 2016),
we compared the amount of time needed to detect luciferase
signal from a reporter only expressing nLuc and the two Tim50
reporters. Then, we obtained the time required for ribosomes to
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translate each of the Tim50 versions. We found that the time
required for translating a wild-type TIM50 mRNA was signifi-
cantly increased in the tif5]A-1 mutant at restrictive tempera-
ture. If a cell needs ~2 min to generate one full Tim50
polypeptide, upon eIF5A depletion the ribosomes need almost
4 min to achieve the complete translation of this mRNA. How-
ever, the synthesis time required for translating TIM50A7Pro
mRNAs was almost identical to that in the corresponding wild-
type strain (Fig. 4 E). This extended translation duration was
indicative of a ribosome stall at the polyprolines. To further
confirm ribosome stalling, we analyzed the ribosome density
across the TIM50 transcript in control and an eIF5A degron
strain (Schuller et al., 2017). We found a precipitous drop-off in
ribosome density exactly where the stretch of polyprolines is
located in Tim50 (540-561 bp) upon eIF5A depletion but not in
the control strain (Fig. 4 F and Table S6). Furthermore, we found
an increased accumulation of ribosome density ~300 bps up-
stream of the polyproline stretch upon eIF5A depletion. As ri-
bosomes can protect ~30 bp of mRNA, this points to potentially
up to 10 ribosomes in a traffic jam upstream of the polyproline
stretch. The absence of ribosomes after the stretch of polypro-
lines is further evidence of ribosome stalling and the induction
of ribosome quality control (RQC) at the polyproline residues.
Together, these results indicated that Tim50 downregulation in
the tif51A-1 mutant was due to a decrease in translation because
ribosomes stalled along the proline-rich region of its sequence.

We extended our bioinformatic analysis of ribosome distri-
bution changes to further investigate whether eIF5A depletion
affects other nuclear-encoded, co-translationally localized mi-
tochondrial mRNAs. We found similar pronounced shifts in ri-
bosome distribution in several examples including Ytal2, an
inner membrane AAA protease, and Mss51, a mitochondrial
translational regulator (Fig. S4 E and Table S6). In both cases, we
observed a surge of ribosomes at proline-rich regions, followed
by a marked decrease in ribosome density. This pattern leads to
a significant drop in ribosome coverage from the 5’ to the 3’ end
of these mRNAs. However, as TIM50 mRNA stands out due to its
high expression level and the most pronounced changes in po-
larity and ribosome dropoff (Table S6), we chose to further
characterize the TIM50 mRNA in our subsequent analyses.

TIM50 mRNA is constitutively localized to the vicinity of the
mitochondrial surface and the import of Tim50 protein to mi-
tochondria occurs co-translationally (Williams et al., 2014;
Tsuboi et al., 2020). To confirm that ribosome stalling along
TIM50 mRNA upon eIF5A depletion was mitochondrially local-
ized, we visualized mitochondria using the marker Su9-
mCherry and TIM50 mRNAs with the MS2 tag system (Tsuboi
et al,, 2020) in both wild-type and tif51A-1 strains at restrictive
temperature. We observed TIM50 mRNA to be strongly associ-
ated with the mitochondrial surface in both strains (Fig. S4 F),
confirming that Tim50 ribosome stalling occurs adjacent to the
mitochondrial surface.

Finally, we asked if ribosome stalling along TIM50 mRNA
upon elF5A depletion could affect its protein localization. We
observed that Tim50 strongly localizes to the mitochondria in
the wild-type strain. However, we found the presence of Tim50
foci which do not co-localize to the mitochondria in the tif51A-1
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this study. Proline numbers are shown in magenta. (C and D) Wild-type strain (left) and tif51A-1 (middle) expressing the wild-type Tim50 (C) or Tim50A7Pro (D)
were cultured in YPD until early exponential phase and then transferred to 25°C or 37°C for 4 h. After the addition of doxycycline to induce luciferase ex-
pression, the luminescence levels generated by nLuc after the addition of the furimazine substrate were measured along time (expressed as relative luciferase
units, RLU). A representative experiment is shown. Quantification of the Tim50 protein levels is shown on the right. (E) Full protein synthesis time was
calculated for wild-type strain and tif51A-1 expressing the wild-type Tim50 (left) or Tim50A7Pro (right). (F) Fraction of ribosome reads of various lengths along
TIM50 transcript in Schuller et al. (2017) ribosome profiling libraries. (G) Wild-type strain and tif51A-1 expressing Tim50-GFP and Su9-mCherry were cultured in
SGal medium at 25°C until reaching post-diauxic phase, transferred to 37°C for 4 h, and subjected to fluorescence microscopy. (H) Quantification of cells with
TimS50 aggregates at 37°C is shown. (1) Wild-type strain and tif5IA-1 expressing Tim50-GFP and Su9-mCherry were cultured as in G and incubated for 30 min
with DAPI prior microscopy to stain the nuclei. (J) Wild-type strain and tif51A-1 expressing Tim50-GFP and Hsp104-RFP were cultured as in G. (G, I, and J) A
representative image is shown from three independent experiments. Arrows indicate Tim50 cytosolic aggregates. Scale bar, 4 pm. Data information: In C-E and
H Results are presented as mean + SD from at least three independent experiments. The statistical significance was measured by using a two-tailed paired
Student’s t test. *P < 0.05, **P < 0.01, ***P < 0.001. The asterisks located above the columns of the graph represent a comparison between temperatures
within the same strain. The asterisks found at the top of the bars additionally indicate comparisons between the indicated strains at the same treatment

condition. n.s means no significant differences.

mutant at restrictive temperature whereas no aggregates were
observed at permissive temperature (Fig. 4 G and Fig. S4 G). The
number of cells containing more than one of these Tim50 ag-
gregates was found to be significantly increased in the tif51A-1
mutant at restrictive temperatures (Fig. 4 H). DAPI staining of
the nucleus of the cells indicated that Tim50 aggregates were not
co-localizing in the nucleus, and thus, seemed to be part of the
cytosol (Fig. 4 I). To gain insight into the accumulation of Tim50
into MitoStores, as previously seen for Cycl, we fused Hspl04
ORF to RFP in a strain already expressing Tim50-GFP and found
that a high percentage (>70%) of Hspl04 foci co-localize with
Tim50 aggregates (Fig. 4 ] and Fig. S4 H). Thus, these data
strongly suggest that TIM50 mRNA translation is directly de-
pendent on eIF5A, and its deficiency generates ribosome stalling
on the mitochondrial surface and precursor protein accumula-
tion in the cytosol.

Deletion of Tim50 proline stretch in elF5A mutant restores
mitochondrial protein import without rescuing

mitochondrial respiration

Herein, we have demonstrated how upon eIF5A depletion, Tim50
translation occurring at the mitochondrial surface stalls in the
polyproline stretch and its protein synthesis is decreased. This
seems to generate specific import defects for mitoproteins, which
accumulate and aggregate in the cytosol. Therefore, we asked if a
reduction in Tim50 stalling and rescuing of Tim50 protein levels
would alleviate the import collapse and its derived effects associ-
ated with eIF5A loss of function. To test this, we generated two
strains expressing the endogenous Tim50 protein without the re-
gion containing the seven consecutive prolines of its sequence
(Tim50APro) fused to GFP: the first one in a wild-type (BY4741)
background and the second one in a tif5IA-1 mutant background. In
these strains, the endogenous TIM50 gene is mutated so that the
only source of Tim50 protein for the cell is the eIF5A-independent
version Tim50APro. Here, translational stalling of TIM50 mRNA
occurring at the mitochondrial surface is no longer present and
Tim50 reporter levels are rescued upon eIF5A depletion (Fig. 4,
C-E). We confirmed that Tim50APro protein had similar stability
and expression levels to the native Tim50 version in both wild-
type and tif51A-1 cells (Fig. S5, A and B). Surprisingly, the func-
tionality of the Tim50APro version was shown to be almost
unaffected. We observed no obvious growth differences in glycerol
media between the wild-type strain containing full Tim50 or
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Tim50APro (Fig. 5 A), although the proline-rich region is found in
the presequence-binding groove of the Tim50 IMS domain, which
functions in receiving the proteins in the TIM23 complex (Li and
Sha, 2015). Therefore, the proline-rich region is not essential for
cell viability under the respiratory conditions tested and thus, for
the proper mitochondrial import.

We then tested the effect of substituting the endogenous
Tim50 by Tim50APro, whose translation is eIF5A-independent,
on mitochondrial function and growth on respiratory media in
elF5A mutant cells. Expression of Tim50APro did not rescue the
growth of the tif5IA-1 mutant under glycerol at semipermissive
temperature (Fig. 5 A). This result points to the idea that im-
paired TIM50 translation is not the only mechanism linking
eIF5A to mitochondrial function. In addition, when we checked
the accumulation of the membrane potential-dependent dye
mitotracker red, we observed a slight increase in the membrane
potential at permissive and restrictive temperatures in the
tif51A-1 Tim50APro mutant respect to tif51A-1 mutant cells ex-
pressing wild-type Tim50 (Fig. 5, B and C).

We next tested whether rescue of Tim50 translational stall-
ing and protein levels would rescue the mitochondrial import
phenotypes we observed in the eIF5A depletion. We found a
reduction in Tim50 cytosolic protein aggregates upon removal of
the stretch of prolines, indicating proper protein import (Fig. 5, D
and E). Furthermore, we found that the mRNA levels of the most
induced mitoCPR genes (PDR3, PDR5, and CISI) were significantly
decreased in the tif51A-1 Tim50APro mutant (Fig. 5 F).

Ribosome stalling at TIM50 mRNA is the main cause of the
mitochondrial stress response and mitoprotein translation
downregulation upon elF5A depletion
The previous results with Tim50APro align with the reversal of
the mitochondrial import phenotypes induced by eIF5A deple-
tion. This reversal may result from either the restoration of
Tim50 protein levels or the alleviation of ribosome stalling along
TIM50 mRNA, which localizes at the mitochondrial surface to
allow the co-translational import of Tim50 protein. To try to
distinguish between these two possibilities, we constructed new
wild-type and tif51A-1 mutant yeast strains containing both, the
elF5A-independent TIM50APro copy and a second wild-type
copy of the TIM50 gene.

In the new eIF5A mutant strain expressing these two copies,
Tim50 protein levels were restored by expression of the
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Figure 5. Deletion of the Tim50 polyproline stretch in the elF5A mutant does not rescue mitochondrial respiration but cancels the mitoCPR re-
sponse induction. (A) Growth of the wild-type, tif51A-1, wild-type Tim50APro, and tif51A-1 Tim50APro was tested in YPGly and YPD media at the indicated
temperatures. (B-E) Wild-type, tif51A-1, wild-type Tim50APro, and tif51A-1 Tim50APro were cultured in SGal medium until reaching post-diauxic phase at
25°C, transferred to 37°C for 4 h, and subjected to fluorescence microscopy. A representative image from three independent experiments is shown. Scale bar, 4
um (B and D). Cells were incubated for 30 min with Mitotracker prior to microscopy to quantify the mitochondrial membrane potential (B). Quantification of
Mitotracker fluorescent signal from at least 150 cells (C). Quantification of cells presenting 0, 1, or 2 Tim50 aggregates at 37°C is shown (E). (F) Wild-type,
tif5IA-1, and tif51A-1 carrying Tim50APro were cultured as in B. mRNA relative levels from mitoCPR genes were determined by RT-qPCR. Data information: In C,
E, and F, results are presented as mean + SD from three independent experiments. The statistical significance was measured by using a two-tailed Student’s
t test. *P < 0.05, **P < 0.001, ***P < 0.001. n.s means no significant differences.

Tim50APro protein version (Fig. 4, D and E; and Fig. S5 B), while  both qPCR of the endogenous PDR5 mRNA and an integrated
elF5A depletion generates ribosome stalling at the wild-type PDR5 promoter-driven nLuc reporter, we examined mitoCPR
TIM50 mRNA encoding the polyproline stretches (Fig. 6 A). stress induction. We found that, at restrictive temperature, the
First, we confirmed that both TIM50 and TIM50APro mRNAs had  restoration of low Pdr5 mRNA and protein observed in the
similar levels in wild-type and tif51A-1 strains (Fig. S5 C). Using  tif5IA-1 strain containing Tim50APro as the sole source of Tim50
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was changed to a higher PDR5 expression when a second copy of
wild-type TIM50 was also expressed (Fig. 6, B and C). Therefore,
the expression of PDR5 was found to be comparable between the
two tif51A-1 strains, one containing the Tim50 wild-type and the
other containing an additional Tim50APro. This suggests that
the effect of elF5A mutation on the Tim50 wild-type copy is
phenotypically dominant. We next tested how the expression of
single Tim50APro or double Tim50APro plus Tim50 could affect
the translation of OXPHOS reporters in cells upon eIF5A de-
pletion. When the translational stalling along TIM50 was rescued
by removing the prolines (cells expressing Tim50APro), we
observed a partial but significant rescue of the synthesis of Cycl
and Cox5A reporters upon eIF5A depletion. However, the ad-
dition of a second TIM50 copy was not able to rescue the reduced
protein synthesis of Cycl and Cox5A (Fig. 6 D). Taken together,
these results suggest that the translational defects observed
upon eIF5A depletion are secondary effects driven by mito-
chondrial import stress and that the ribosome stalling at TIM50
mRNA is sufficient to cause both effects and is, therefore, a
primary cause of the mitochondrial import defects upon eIF5A
depletion.
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Figure 6. Ribosome stalling along TIM50 mRNA under elF5A
deficiency favors translation downregulation of mitopro-
teins. (A) Scheme showing ribosome stalling along TIM50 mRNA
and Tim50 translocase receptor protein levels (in blue) when
expressing different versions of TIM50. P indicates a proline-
encoding codon. The figure was processed using BioRender
(RRID:SCR_018361). (B) Wild-type and tif51A-1 strains express-
ing Tim50, Tim50APro or both were cultured in SGal medium
until reaching post-diauxic phase at 25°C and transferred to 37°C
for 4 h. mRNA relative levels from PDR5 were determined by RT-
gPCR. (€) Wild-type and tif5IA-1 strains harboring Tim50,
Tim50APro, or both and expressing PDR5p-nLuc were cultured
in YPD until the early exponential phase and then transferred to
25°C or 37°C for 4 h. The luminescence levels generated by the
nLuc after the addition of the furimazine substrate were mea-
sured along time and the protein was quantified after 10 min.
(D) Wild-type and tif51A-1 strains harboring Tim50, Tim50APro,
or both and expressing Cycl-nLuc (left) or Cox5a-nLuc (right)
were cultured as in C. Luminescence levels were measured as in
C. Data information: In B-D, results are presented as mean + SD
from three independent experiments. The statistical significance
was measured by using a two-tailed Student’s t test. *P < 0.05,
**P < 0.001, ***P < 0.001. The asterisks located above the
columns of the graph represent a comparison relative to the
wild-type strain. The asterisks found at the top of the bars ad-
ditionally indicate comparisons between the different Tim50
versions within the same strain. n.s means no significant
differences.

Discussion
In this study, we have expanded our knowledge on the effects

of eIF5A depletion on mitochondrial function and identified
one of the possible molecular mechanisms by which eIF5A is
required to maintain mitochondrial activity. We have shown
that eIF5A is needed to alleviate ribosome stalling along the
TIM50 mRNA on the mitochondrial surface as it is being co-
translationally imported and thus impacts mitochondrial im-
port. Upon eIF5A depletion, the mitochondrial import of many
inner mitoproteins is compromised. We have seen that non-
imported mitoproteins aggregate in the cytosol as a conse-
quence of the import stress response provoked by the lack of
eIF5A. A response for the clearance of stalled proteins in
the mitochondrial surface has been shown to be mediated
by the mitoCPR response, which induces, through the tran-
scription factor Pdr3, the coordinated action of Cisl and Mspl
to promote the degradation of arrested precursor proteins
(Weidberg and Amon, 2018). Altogether, our results demon-
strate that low levels of eIF5A cause mitochondrial stress by
inducing TIM50 ribosome stalling and reducing Tim50 ex-
pression (Fig. 7).
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Figure 7. Model for the elF5A-mediated regulation of the mitochondrial function. Upon elF5A depletion, ribosomes translating TIM50 mRNA to syn-
thesize the Tim50 proline-rich region (PPPPPPP) become stalled and, thus, the mitochondrial import of co-translationally inserted proteins targeting the IMS,
MIM, and MM is compromised. The non-imported mitochondrial precursors start aggregating in the cytosol bound to chaperone Hsp104. Then, the mitoCPR
response is induced to clear the proteins accumulating in the mitochondrial surface through the action of Cis1 and Mspl. In addition, the lack of elF5A reduces
the translation of many RNAs encoding mitoproteins so the levels of most mitochondrial proteins become reduced. Figure was processed using BioRender

(RRID:SCR_018361).

Our results also indicate that the accumulation of non-
imported precursors in specific deposits in the cytosol is buff-
ered by cytosolic chaperones, mainly HsplO4, to relieve the
proteotoxic stress. These results are in line with the recent de-
scription of the cytosol as a place with the capacity to store
mitochondrial precursor proteins in dedicated storage granules
that are controlled by the cytosolic chaperone system, with
Hspl04 binding the N-terminal presequences of mitoproteins
(Kramer et al., 2023). Similarly, the observed Pdr5 induction
upon eIF5A depletion seems indicative of a cellular detoxifica-
tion effort to eliminate toxic substrates accumulating in the
cytosol in the context of protein aggregates accumulation.

Upon prolonged mitochondrial dysfunction, the stress re-
sponse is usually accompanied by cytosolic translation attenu-
ation to reduce the synthesis of precursors and the protein load
to translocases. The general translation is known to be down-
regulated upon treatment with multiple mitochondrial stressors
such as defective mitochondrial biogenesis (Wrobel et al., 2015),
clogger expression (Boos et al., 2019), oxidative stress (Topf
et al., 2018), and mitochondrial depolarization with high car-
bonyl cyanide m-chlorophenyl hydrazone (CCCP) doses (Schifer
et al., 2022). Herein, we have found that eIF5A depletion

Barba-Aliaga et al.
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specifically downregulates the expression of most mitoproteins.
The reduction in the number of ribosomes bound to mitoprotein
mRNAs could be interpreted as a specific translational down-
regulation but also as a result of ribosome stalls at the 5' ORF
regions, where MTSs are found (Table S6). We observed that
while general cytosolic translation remained unaffected, the
translation of proteins targeting the mitochondria was found to
be uniformly affected, suggesting a connection between the
import status and the translation of mitoproteins that need to be
translocated. In the last years, it has been proposed that eIF5A is
necessary for the translation of specific mitoproteins with that
specificity residing in the amino acid sequences at their N-ter-
minal/MTS sequences, especially those ones with weak inter-
actions with the peptide exit tunnel, yet it was unclear if this
was a direct effect (Puleston et al., 2019; Zhang et al., 2022). The
fact that Tim50APro partially alleviated the translational re-
pression of Cycl and Cox5A even upon elF5A depletion suggests
that some aspects of this translational regulation may result
indirectly from eIF5A depletion. This could potentially be linked
to the mitochondrial import stress generated rather than being
directly regulated by eIF5A. Furthermore, the translational re-
pression of Cycl and Cox5A and the induction of Pdr5 caused by
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the addition of a second copy of TIM50 in the eIF5A mutant
containing TIM50APro suggests that ribosome stalling along the
TIM50 mRNA at the mitochondrial surface is the primary cause
of the mitochondrial import defects. Nevertheless, more work
will be needed to further decipher the specific molecular
changes linking eIF5A, the general translation of mitochondrial
proteins, and overall mitochondrial function.

The presented results herein highlight the idea that multiple
mechanisms, besides Tim50 regulation, link eIF5A to the mito-
chondrial function. While we found the recovery of Tim50
function with the Tim50APro to partially rescue the mitochon-
drial import stress response after 4 h of eIF5A depletion, this was
not sufficient to fully recover the MIM potential nor to rescue
the growth on respiratory media for longer times at semi-
permissive temperatures. This could be explained by the fact
that over sustained periods at semipermissive temperatures,
eIF5A becomes further depleted and causes other mitochondrial
mRNAs that are less sensitive to eIF5A levels to become stalled
and drive similar mitochondrial stress responses. Indeed, ribo-
some profiling data from Schuller et al. (2017) show that other
co-translationally inserted mRNAs encoding proline stretches
(such as the Ytal2 and Mss51 mRNAs) have ribosome dis-
tributions similar to Tim50 (Fig. S4 E and Table S6). Upon eIF5A
degradation, there is an increase in ribosome density right be-
fore the corresponding proline region while a decrease in den-
sity becomes visible right after it, suggesting the induction of
RQC mechanisms. Therefore, it is of interest to explore other
putative mitochondrial targets with eIF5A-dependent motifs in
their sequences and conserved in higher eukaryotes, as they
could underlie the long-term mitochondrial defects that are still
observed even when Tim50 protein levels are rescued.

In this regard, could translational stalling of co-translationally
imported mitoproteins underlie the mitochondrial defects found
upon eIF5A depletion in mammalian cells? While Tim50 poly-
proline region is highly conserved across different yeast species,
including the pathogenic fungi Candida albicans (Fig. S4 A), hu-
man Tim50 sequence contains 27 prolines, but these are scat-
tered throughout the sequence rather than clustered in a specific
region as in S. cerevisiae’s. However, several other eIF5A-
dependent motifs are found in the amino acid sequences of the
human homologs of Tim50, Ytal2, and Mss51 that could poten-
tially generate ribosome stalling in their mRNAs upon eIF5A
depletion as observed in yeast (Table S6). Intriguingly, it was
recently found that mutant Huntingtin protein, which is asso-
ciated with decreased mitochondrial activity, drives eIF5A de-
pletion and pervasive ribosome stalling (Aviner et al., 2024).
Furthermore, clogging of translocases and cytosolic deposition of
mitochondrial precursors have been implicated with some neu-
rodegenerative disorders. Aggregation of mitoproteins in the
cytosol increases misfolding of a-synuclein and amyloid pre-
cursor proteins, which are involved in Parkinson’s and Alz-
heimer’s diseases, as they can co-aggregate together, engage
translocases, and further increase the clogging hazard (Cenini
et al., 2016; Nowicka et al., 2021). Importantly, data shown
herein points to a novel and more likely mitochondrial stress
generated by lack or defects in eIF5A protein that could be found
in nature and raised as one of the underlying causes of impaired
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protein uptake in disease contexts. Thereby, eIF5A and its
well-characterized hypusination precursor spermidine could be
considered potential candidates to potentiate the activity of
mitochondrial import machinery in compromised cells.

Materials and methods

Yeast strains, plasmids, and growth conditions

All S. cerevisiae strains and plasmids used herein are listed in
Tables S2 and S3, respectively. S. cerevisiae cells were grown in
either liquid YPD (1% yeast extract, 2% peptone, and 2% dex-
trose/glucose), YPGly (1% yeast extract, 2% peptone, and 2%
glycerol), synthetic complete medium (SC) (2% glucose, 0.7%
yeast nitrogen base [YNB], and Drop-Out complete [Kaiser,
Formedium]) or SGal (2% galactose, 0.7% YNB, and Drop-Out
complete).

For protein quantification and visualization under the micro-
scope, a PCR-based genomic tagging technique was employed to tag
the genomic full-length CORI, IDHI, TIM50, TOM70, CYCI, YTAL,
ILV2, and PDR5 ORFs with HA or GFP or the HSP104 ORF with RFP.
The plasmids pFA6a-3HA-HIS3MX, pFA6a-GFP-HIS3MX (Longtine
etal., 1998), and pYM43-Redstar2-clonNAT were used as a template
for PCR reaction using primers listed in Table S4. The resulting
cassettes were transformed in the corresponding strains following
the lithium acetate-based method (Gietz et al., 1992). All the in-
tegrations were confirmed by genomic DNA conventional PCR.

Plasmid pRS406-GPDp-Su9-mCherry-URA3 was integrated
into the corresponding strains for expression of Su9 (subunit 9
of the F, ATPase) fused to mCherry and subsequent visualiza-
tion of the mitochondrial network. To constitutively visualize
TIM50 single mRNAs, plasmids pRS405-CYClp-MS2-4xGFP-LEU2
and plasmid pRS403-TIM50p-TIM50-flagiRFP-TIM50ter-MS2tag-
HIS3MX (Tsuboi et al., 2020) were integrated in wild-type and
tifblA-1 strains.

Plasmid pGAL-FLAG-TIM50-GFP-URA3 was constructed from
the plasmid pYES2-pGAL-FLAG-htt25QP-GFP-URA3 (Berglund
et al., 2017). First, the yeast TIM50 ORF was obtained by PCR
using primers listed in Table S4. Then, plasmid pYES2-pGAL-
FLAG-htt25QP-GFP-URA3 was linearized by restriction enzyme
Xagl (Cat# ER1301; Thermo Fisher Scientific) to replace hun-
tingtin (htt) gene by TIM50 gene by homologous recombination.
The resulting plasmid was transformed in the corresponding
strains, and transformants were selected in SC medium lacking
uracil. To generate the strains harboring the deletion of the seven
consecutive prolines from the TIM50 gene sequence (Tim50A-
Pro), the C-terminal TIM50-GFP sequence was amplified from
the genomic DNA of the strain PAY1078 using primers listed in
Table S4. The use of these primers resulted in the deletion of
nucleotides 541-561 in TIM50, which encode for the seven pro-
lines stretch of the Tim50 protein. The resulting PCR product
was transformed in wild-type and tif51A-1 strains as previously
described. In addition, plasmid pRS305-TIM50-LEU was inte-
grated into the corresponding strains harboring Tim50APro for
the expression of an extra copy of TIM50. All the integrations and
deletions were confirmed by genomic DNA conventional PCR.

nLuc reporter constructs expressing different versions of
the TIM50 gene or other mitoproteins under the control of a
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tetracycline-inducible operon (tetO,) were generated by cloning
the corresponding ORF in the plasmid ZP446, derived from
PAG306 vector. ZP446 backbone was amplified by PCR using
oligos listed in Table S4. The parental plasmid was digested by
restriction enzyme Dpnl (Cat#R0176S; New England Biolabs)
and linearized plasmid was isolated by gel purification (Zymo
Research). The ORF fragments for cloning were amplified by
conventional PCR from wild-type genomic DNA using oligos
listed in Table S4. After PCR product purification (Zymo Re-
search), the fragments of interest were inserted into linear-
ized ZP446 using Gibson Assembly. The resulting nLuc
constructs were linearized by restriction enzyme NotI (Cat#
#R3189; New England Biolabs) and integrated into the genome
of the wild-type and tif5IA-I cells by homologous recombina-
tion. All the Tim50-nLuc plasmids used in this study are listed
in Table S3.

Experimental assays were performed with cells exponen-
tially grown for at least four generations until the required
ODgoo at the corresponding temperature. Temperature-sensitive
strains were grown at the permissive temperature of 25°C until
the required ODgoo and transferred to the non-permissive
temperature of 37°C or 41°C for 4 h for complete depletion of
elF5A. For protein stability experiments described in the text,
the media were supplemented with 100 pg/ml cycloheximide
(CHX) (Cat# C7698; Sigma-Aldrich) for 5 h.

Proteomic analysis

For the proteomic analysis, three independent cultures of wild-
type (BY4741), tif51A-1, and tif51A-3 were grown exponentially in
YPD at 25°C and then incubated at 41°C for 4 h. Proteins were
extracted as previously described (Li et al., 2014) and analyzed in
the SCSIE (Servei Central de Suport a la Investigacié Experi-
mental; Universitat de Valéncia). Protein samples (about 20 ug of
protein) were digested with 500 ng of trypsin (Promega) and
peptides were analyzed by an Ekspert nanoLC 42 nanoflow sys-
tem (Eksigent Technologies, ABSCIEX) coupled to a nanoESI
quadrupole-time of flight (QQTOF) mass spectrometry (6600plus
TripleTOF, ABSCIEX). The tripleTOF was operated in SWATH
mode. 5 pl of each sample were loaded onto a trap column (3 pm
C18-CL 120 A, 350 pm x 0.5 mm; Eksigent) and desalted with
0.1% TFA at 5 ul/min for 5 min. The peptides were loaded onto an
analytical column (3 pm C18-CL 120 A, 0.075 x 150 mm; Eksigent)
equilibrated in 5% acetonitrile 0.1% FA (formic acid). Peptide
elution was carried out with a linear gradient of 7-40% B in
45 min (A: 0.1% FA; B: ACN, 0.1% FA) at a flow rate of 300 nl/min.
Peptides were analyzed in a mass spectrometer nanoESI qQTOF
(6600plus TripleTOF; ABSCIEX) using positive electrospray
ionization (ESI) at an ion source temperature of 200°C. The tri-
pleTOF was operated in swath mode in which a 0.050-s TOF MS
scan from 350 to 1,250 m/z was performed, followed by 0.080-s
product ion scans from 350 to 1,250 m/z. 100 variable windows
from 400 to 1,250 m/z were acquired throughout the experi-
ment. The total cycle time was 2.79 s.

The processing settings used for the peptide selection were as
follows: detect at least 20 peptides per protein, six or more
transitions per peptide, 95% peptide confidence threshold, and
1% false discovery rate threshold; modified peptides were
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excluded. Only proteins that met these criteria and were de-
tected in all strains were analyzed in this study.

To analyze the proteomic data, protein areas were normal-
ized by the total sum of the areas of all the quantified proteins.
To obtain the GO terms overrepresented in the different groups
of proteins, the ratio 41°C/25°C was calculated for each replicate
and strain. Then each 41°C/25°C ratio of each temperature-
sensitive mutant was divided by the ratio 41°C/25°C of wild-
type strain so that those with a value >1 are upregulated in
temperature-sensitive mutant with respect to wild-type, while
those with a value <1 are downregulated. Statistical significance
was measured by Student’s t test; only statistically significant
proteins (P value Student’s t test < 0.05) were analyzed.

nLuc reporter assays

nLuc synthesis assays were performed as detailed in Guzikowski
et al. (2022). Briefly, cells were grown at 25°C in YPD media to
an exponential ODgpo 0.4 and then transferred to 37°C for 4 h.
Doxycycline was added to a final concentration of 10 pg/ml to
induce the expression of the nLuc reporter of the pAG306 series
vectors and preincubated for 5 min at room temperature. The
nLuc activity was measured using furimazine as the nLuc highly
specific substrate. A 90-pl volume of each culture and 10 pl of
the furimazine (1 in 200 dilution; Promega) were incubated in a
Cellstar non-transparent white 96-well microplate for 1 h and
the bioluminescence intensity was monitored with a Tecan In-
finite 200 PRO plate reader every 30 s. All the bioluminescence
measurements were acquired at 460 nm, the peak emission
wavelength of nLuc. Obtained data were linearized using Schleif
plots to estimate the minimum reaction time required for
complete translation (Schleif et al., 1973). The reaction time of
the nLuc reporter alone was subtracted from the reaction time of
the corresponding Tim50-nLuc fusion to calculate the time re-
quired for translating the different Tim50 sequence versions. At
least three biological replicates of each nLuc construct were
analyzed.

RT-qPCR analysis

For the analysis of the mRNA levels, total RNAs were isolated from
yeast cells following the phenol:chloroform protocol. Briefly, a
volume of an exponential phase culture corresponding to 10 ODgoo
units was harvested and flash-frozen. Cells were resuspended in
500 il of cold LETS buffer (LiCl 0.1 M, EDTA pH 8.0 10 mM, Tris-
HCl pH 7.4 10 mM, SDS 0.2%) and transferred into a screw-cap
tube already containing 500 pl of sterile glass beads and 500 pl of
phenol:chloroform (5:1). Then, cells were broken using the Pre-
cellys 24 tissue homogenizer (Bertin Technologies) and cen-
trifugated. The supernatant was transferred into a new tube
containing 500 pl of phenol:chloroform (5:1) and then to a tube
containing 500 pl of chloroform:isoamyl alcohol (25:1). RNA from
the top phase was precipitated and finally dissolved in water for
later quantification and quality control with Nanodrop device
(Thermo Fisher Scientific).

The reverse transcription and qPCR reactions were per-
formed as detailed in Garre et al. (2013). Briefly, 2.5 ug of the
total DNAse-I (Cat# 04536282001; Roche)-treated RNA was
retrotranscribed using an oligo d(T),s with Maxima Reverse
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Transcriptase (Cat# EP0741; Thermo Fisher Scientific). cDNA
was labeled with SYBR Pre-mix Ex Taq (Tli RNase H Plus, Cat#
RR420; Takara) and the Cq values were obtained from the CFX96
TouchTM Real-Time PCR Detection System (BioRad). Endoge-
nous ACTI mRNA levels were used for normalization. At least
three biological replicates of each sample were analyzed and the
specific primers designed to amplify gene fragments of interest
are listed in Table S4.

Western blotting

For yeast protein content analysis by western blotting, we fol-
lowed the protocol described in Zuzuarregui et al. (2015). Briefly,
a cell culture volume corresponding to 10 ODgoo units was har-
vested by centrifugation. For protein extraction, cell pellets were
washed and resuspended in 200 pl of NaOH 0.2 M and incubated
at room temperature for 5 min for subsequent centrifugation at
12,000 rpm for 1 min. Samples were then resuspended in 100 ul
of 2X-SDS protein loading buffer (24 mM Tris-HCl pH 6.8, 10%
glycerol, 0.8% SDS, 5.76 mM B-mercaptoethanol, and 0.04%
bromophenol blue) and boiled at 95°C for 5 min. Next, lysates
were centrifuged at 3,000 rpm for 10 min at 4°C to remove cell
debris and insoluble proteins, and the supernatants were trans-
ferred into new tubes and stored at -20°C. The total protein
content in the extract was quantified by an OD,g, estimation in a
Nanodrop device (Thermo Fisher Scientific) to load equal protein
amounts per sample into the SDS-PAGE gel. The acrylamide
percentage of the used SDS-PAGE depended on the molecular
weight of the protein of interest.

SDS-PAGE and western blotting were performed using stan-
dard procedures (BioRad). Blotting membranes were blocked with
5% skimmed milk in TBS-T (150 mM NaCl, 20 mM Tris, 0.1%
Tween20, pH 7.6) for 1 h at room temperature and incubated with
primary antibodies overnight at 4°C against either HA (Cat#
12013819001; Roche, RRID:AB_390917), GFP (Cat# 11814460001;
Roche, RRID:AB_390913), FLAG (Cat# F1804; Sigma-Aldrich, RRID:
AB_262044), Porl (Cat# abl10326; Abcam, RRID:AB_10865182),
Hsp60 (Cat #11101; QED_BIOSCIENCE), H4 (Cat# ab7311; Abcam,
RRID:AB_305837), or glucose-6-phosphate dehydrogenase (Cat#
A952]; Sigma-Aldrich, RRID:AB_258454). Bound antibodies were
detected using the appropriate horseradish peroxidase-conjugated
secondary antibodies (Cat# W4011; Promega, RRID:AB_430833;
Cat# W4021; Promega, RRID:AB_430834). Chemiluminescent sig-
nals were detected with an ECL Prime western blotting detection
kit (Cat# GERPN2236; GE Healthcare) and digitally analyzed using
ImageQuant LAS 4000 software (RRID:SCR_014246). To capture
variation across all samples, the signal in each lane was normalized
to the mean signal across all lanes in a single blot. Then, the re-
sulting signal of bands was normalized against the corresponding
Goépdh resulting signal. At least three biological replicates of each
sample were analyzed.

Fluorescence microscopy and analysis

Yeast cells were grown to a post-diauxic phase in SGal medium,
centrifugated, washed, and subjected to standard fluorescence and
phase contrast microscopy. For mitochondrial protein localization
experiments, cells were imaged using an Eclipse Ti-E microscope
(Nikon) with an oil-immersion x63 objective. Imaging was
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controlled using NIS-Elements software (RRID:SCR_014329). For
mitochondrial aggregates, co-localization experiments, and mito-
chondrial membrane potential measurements, fluorescence im-
ages were acquired using an Axio Imager Z1 fluorescence
motorized microscope equipped with a Plan Apochratic x63/
1.4 oil-immersion objective and a 100W mercury lamp (Carl
Zeiss). Images were recorded with an AxioCam MRm digital
camera (Carl Zeiss). The following excitation and emission
wavelengths were used: DAPI (excitation 359 nm; emission 457
nm), GFP (excitation 475 nm; emission 509 nm), MitoTracker Red
(excitation 578 nm; emission 600 nm), RFP (excitation 555 nm;
emission 583 nm), mCherry (excitation 587 nm; emission 610 nm),
and Nile Red (excitation 460 nm; emission 582 nm). The same
exposure times were used to acquire all images. To analyze mi-
tochondrial membrane potential, cells were incubated with 0.5
MM MitoTracker Red CMXRos (Cat#M46752; Thermo Fisher Sci-
entific) for 30 min, washed, and subjected to the microscope. To
analyze Pdr5 activity, cells were incubated with 3.5 pM Nile Red
(Cat# N1142; Thermo Fisher Scientific) for 15 min, washed, and
subjected to the microscope. To study nuclei localization, cells
were incubated with 1 pg/ml DAPI (Cat# 62247; Thermo Fisher
Scientific) for 20 min in the dark, washed, and subjected to the
microscope.

For single molecule mRNA visualization with mitochondria,
cells were imaged by an Eclipse Ti2-E Spinning Disk Confocal
with Yokogawa CSU-X1 (Yokogawa) with 50-um pinholes located
at the Nikon Imaging Center University of California San Diego.
Imaging was performed using SR HP APO TIRF 100 x 1.49 NA oil
objective with the correction collar set manually for each ex-
periment (pixel size 0.074 mm). Z-stacks (300-nm steps) were
acquired by a Prime 95B sCMOS camera (Photometrics). Imaging
was controlled using NIS-Elements software (RRID:SCR_014329).

All the imaging analysis was performed on Image] software
(RRID:SCR_003070). To analyze the presence of protein ag-
gregates, cells were manually counted for the presence of 0, 1, 2,
or >3 aggregates. For the analysis of fluorescence intensity, signal
regions of interest were manually outlined around cells using the
“Freehand” selection tool in Image] (RRID:SCR_003070) on dif-
ferential interference contrast (DIC) images. After background
substraction, the amount of Pdr5-GFP, Tim50-GFP, Tim50APro-
GFP, Mitotracker, and Red Nile (total fluorescence intensity) was
quantified in the whole cell. At least 150 single cells were scored
from three independent experiments.

Polyribosome profile analysis

For polysome fractioning, cells were grown at 25°C to post-
diauxic phase in SGal medium and transferred to 37°C for 4 h
for the experiments requiring temperature-sensitive strains.
Cell extractions and polysome gradients were performed as
described by Garre et al. (2012), Ramos-Alonso et al. (2018).
Briefly, a culture volume corresponding to an ODgq of 100 was
chilled for 5 min on ice in the presence of 0.1 mg/ml CHX. Cells
were centrifuged at 4,400 rpm for 3 min at 4°C and washed
twice with 2 ml of lysis buffer (20 mM Tris-HCI pH 8, 140 mM
KCl, 5 mM MgCl,, 0.5 mM DTT, 1% Triton X-100, 0.1 mg/ml
CHX, and 0.5 mg/ml heparin). Cells were resuspended in 700 ul
of lysis buffer and added to a tube already containing 500 ul of
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glass beads. Cells were mechanically disrupted by vortexing
eight times for 30 s with 30 s of incubation on ice in between.
Then, lysates were cleared by centrifugation at 5,000 rpm for
5 min at 4°C, and the supernatant was recovered. After cen-
trifugation at 8,000 rpm for 5 min at 4°C, the RNA was recov-
ered and its concentration was estimated using a Nanodrop
device (Thermo Fisher Scientific). Glycerol was added to all the
samples to a final concentration of 5% and extracts were flash-
frozen and stored at -80°C. Samples of 10 Aygo nm Units were
loaded onto 5-50% sucrose gradients and separated by ultra-
centrifugation for 2 h 40 min at 35,000 rpm in a Beckman
SWA4I1Ti rotor at 4°C. Then, gradients were fractionated by iso-
tonic pumping of 60% sucrose from the bottom, and twenty-two
0.5 ml samples were recovered. The polysome profiles were
monitored by UV detection at 260 nm using a density gradient
fractionation system (Teledyne Isco). RNAs were extracted us-
ing SpeedTools Total RNA Extraction kit (Cat# 21.212-4210;
Biotools B&M Labs) with the rDNAse treatment after the RNA
elution step. Specific mRNAs were analyzed by RT-qPCR using
specific primers (listed in Table S4) and represented as a per-
centage of total. A calibrating efficiency standard curve was
obtained for each set of primers after the initial setup, so slight
differences in amplification efficiencies were taken into ac-
count. No spike in controls was used to normalize since no
significant differences were found when using or not these
controls. Three biological replicates were performed for each
polyribosome profile and a representative profile is shown.
For graphical representations, mRNAs were classified as short
(<600 bp) or long (>600 bp) ORF length (Table S5) on the basis of
specific mRNA profiles obtained by qPCR analysis. mRNAs with
short lengths behaved similarly and 2n-3n fractions were selected
as light fractions since the main polysomal peak under normal
conditions appeared among 4n-5n fractions. In this line, long-
length mRNAs also behaved similarly between them, and 2n to
8n fractions were selected as light fractions since the main
polysomal peak under normal conditions appeared right after
the 8n fraction. The three fractions previous to the 2n-3n/2n-8n
ones were selected as monosomal fractions for gPCR analysis.

Proteomic data accession

The mass spectrometry proteomics data have been deposited to
the ProteomeXchange Consortium (Deutsch et al., 2023) via the
Pride-asap (RRID:SCR_012052) (Perez-Riverol et al., 2022) partner
repository with the dataset identifier PXD043905.

Online supplemental material

Fig. S1 shows proteomic analysis upon eIF5A depletion and shows
the downregulation of yeast mitochondrial proteins. Fig. S2
shows that temperature-sensitive eI[F5A mutants do not show
defects in the translation of mitochondrial proteins at permissive
temperatures. Fig. S3 shows that PDR5 activation in eIF5A mu-
tant results in the cellular extrusion of Nile Red fluorescent dye.
Fig. S4 shows that ribosome stalling at TIM50 mRNA upon eIF5A
depletion does not change mRNA levels nor its mitochondrial
localization. Fig. S5 shows that protein half-life and mRNA levels
of Tim50 and Tim50APro are not affected by eIF5A depletion.
Table S1 shows mitochondrial proteins detected in the proteomic
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analysis with a statistical significant different expression be-
tween eIF5A mutant and wild-type. Table S2 shows the yeast
strains used in this study. Table S3 shows the plasmids used in
this study. Table S4 shows the oligonucleotides used in this
study. Table S5 shows the main characteristics of mRNAs ana-
lyzed by polysome profiling. Table S6 shows co-translationally
inserted mitoproteins with the largest shift of ribosome distri-
bution upon eIF5A depletion.
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Figure S1. Proteomic analysis upon elF5A depletion. (A) MDS-plot showing all replicates for each strain and condition studied in the proteomic analysis.
(B) Growth of the wild-type and tif5IA-1 strains was tested in YPD media at the indicated temperatures. (C) Biological process overrepresented in proteins up-
or downregulated significantly in wild-type cells at 41°C. GO Term analysis was done using the STRING tool, and a total of 272 proteins up- (left) and 154
proteins downregulated (right) significantly in WT 41°C compared with WT 25°C were analyzed. (D) Biological process GO terms overrepresented in relative
up- (left) or downregulated (right) proteins in tif5IAt versus WT. tif51A stands for the average values obtained for the two elF5A temperature-sensitive strains
(tif51A-1 and tif51A-3). GO term analysis was done using the STRING tool, in which a total of 292 proteins down- and 135 proteins upregulated significantly in at
least one tif51A®™ with respect to wild-type were analyzed. The web-based tool REVIGO was used to summarize the GO terms. Bubble color indicates the P
value of the GO term in the input data set; bubble size indicates the frequency of the GO term in the underlying GO database. (E) Wild-type, tif51A-1, and
tif51A-3 strains were cultured in YPD at 25°C until early exponential phase and transferred to 25°C, 37°C, or 41°C for 4 h. elF5A and Porl protein levels were
determined by western blotting (left) and quantified (right). Gépdh levels were used as loading control. A representative image is shown from three inde-
pendent experiments. Data information: In E, results are presented as mean + SD from three independent experiments. The statistical significance was
measured by using a two-tailed Student’s t test. *P < 0.05, **P < 0.001, ***P < 0.001. The asterisks located above the columns of the graph represent a
comparison relative to 25°C conditions within the same strain. The asterisks found at the top of the bars additionally indicate comparisons between the
indicated strains at the same treatment condition. n.s means no significant differences. Source data are available for this figure: SourceData FS1.
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Figure S2. Translation of mitochondrial proteins is not affected in the tif51A-1 strain at permissive temperature. (A) Scheme with the employed area
divisions for calculations. (B) The average polysomes/2n-3n ratio (P/2n-3n) is represented for each strain at both temperatures. (C) The average polysomes/
2n-8n ratio (P/2n-8n) is represented for each strain at both temperatures. (D-F) The RNA from individual fractions of the polysomes profiles was extracted and
the mRNA levels of PET9, TOM20, TOM70 (D), ATP1, CYC1, COX5A (E), ACTL, RPP2B, and EFT2 (F) were analyzed by RT-qPCR in the corresponding sections at
restrictive temperature. (G-1) The RNA from individual fractions of the polyribosome profiles was extracted and the mRNA levels of TOM20, TOM70 (G), CYCI,
COXS5A (H), and ACTI (I) were analyzed by RT-qPCR in the corresponding sections at permissive temperature. Data information: In B, results are presented as
mean + SD from three independent experiments. The statistical significance was measured by using a two-tailed paired Student’s t test relative to wild-type
strain. *P < 0.05, **P < 0.001, ***P < 0.001. n.s means no significant differences.
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Figure S3. Nile Red is excluded from the tif51A-1 mutant because of high Pdr5 pumping activity. (A) Wild-type strain and tif51A-1 were cultured in SGal
medium at 25°C until reaching post-diauxic phase and then transferred to 25°C or 37°C for 4 h. Then, cells were incubated with Nile Red substrate for 15 min
prior to microscopy. A representative image is shown from three independent experiments. Scale bar, 4 um. (B) Quantification of Nile Red fluorescent signal
from at least 150 cells. (C-F) Wild-type strain and tif5IA-1 expressing Tom70-GFP (C), Ytal2-GFP (D), Cycl-GFP (E), or Ilv2-GFP (F), and Su9-mCherry were
cultured in SGal medium at 25°C until reaching post-diauxic phase and subjected to fluorescence microscopy. A representative image is shown from three
independent experiments. Scale bar, 4 um. Data information: In B, results are presented as mean + SD from three independent experiments. The statistical
significance was measured by using a two-tailed paired Student’s t test. ***P < 0.001. n.s means no significant differences.
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asterisk are conserved in all organisms. The region containing the seven consecutive proline residues is highly conserved across yeast species and is marked by
a box. (B) Wild-type and tif51A-1 strains containing genomic tagged Tim50-HA were cultured in SGal until post-diauxic phase at 25°C and transferred to 25°C or
37°C for 4 h. Tim50 protein levels were determined by western blotting (left) and quantified (middle). G6pdh levels were used as loading control. A repre-
sentative image is shown from three independent experiments. TIM50 mRNA relative levels were determined by RT-qPCR (right). (C) Wild-type, tif51A-1, and
tif5IA-3 strains harboring a FLAG-TIM50-GFP plasmid were cultured in SRaf-URA at 25°C until early exponential phase, transferred to 25°C and 37°C for 2 h,
and then transferred to SGal-URA at 25°C and 37°C for three additional hours. Tim50 protein levels were determined by western blotting using a FLAG antibody
(left) and quantified (middle). G6pdh levels were used as loading control. A representative image is shown from three independent experiments. TIM50 mRNA
relative levels were determined by RT-qPCR (right). (D) Wild-type strain and tif51A-1 expressing the wild-type Tim50 (left) or Tim50A7Pro (right) nLuc
constructs were cultured in YPD at 25°C or 37°C for 4 h. One hour after addition of doxycycline to induce nLuc expression, nLuc mRNA relative levels were
determined by RT-qPCR. (E) Fraction of ribosome reads of various lengths along YTAI2 (left) and MSS51 (right) transcripts in Schuller et al. (2017) ribosome
profiling libraries. (F) Wild-type strain and tif51A-1 were cultured as in B and then subjected to phase contrast and fluorescence microscopy. Mitochondria were
visualized by Su9-mCherry and TIM50 mRNAs were visualized by the single molecule MS2 tag system. A representative image is shown from three independent
experiments. Scale bar, 4 um. (G) Wild-type strain and tif5IA-1 expressing Tim50-GFP and Su9-mCherry were cultured in SGal medium at 25°C until reaching
post-diauxic phase and subjected to fluorescence microscopy. A representative image is shown from three independent experiments. Scale bar, 4 pm. Arrows
indicate TIM50 mRNA. (H) Quantification of Tim50 and Cycl aggregates co-localizing with Hsp104 (data from three biological experiments with at least 150
cells quantified). Data obtained from experiments in Fig. 3 | and Fig. 4 ). Data information: In B-D and H, results are presented as mean + SD from three
independent experiments. The statistical significance was measured by using a two-tailed paired Student’s t test. *P < 0.05, **P < 0.01, ***P < 0.001. The
asterisks located above the columns of the graph represent a comparison between different temperatures within the same strain. The asterisks found at the
top of the bars additionally indicate comparisons between the indicated strains at the same treatment condition. n.s means no significant differences. Source
data are available for this figure: SourceData FS4.
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Figure S5. elF5A depletion does not affect the half-life of Tim50APro protein nor the expression of the Tim50 and Tim50APro copies. (A) Wild-type
and tif51A-1 strains harboring Tim50-GFP (up) or Tim50APro-GFP (down) were cultured in SGal medium until reaching post-diauxic phase at 25°C and
transferred to 37°C for 4 h. Then cultures were treated with CHX (100 ug/ml) for 5 h and Tim50 protein levels were determined by western blotting using a GFP
antibody. G6pdh levels were used as loading control. A representative image is shown from three independent experiments. (B) Tim50APro steady-state
protein levels were quantified from A. (C) Wild-type and tif51A-1 harboring Tim50APro and an extra copy of wild-type Tim50 were cultured as in A. mRNA
relative levels from wild-type TIM50 (left) and total TIM50 (wild-type TIM50 plus TIM50APro, right) were determined by RT-qPCR. Data information: In B and C,
results are presented as mean + SD from three independent experiments. The statistical significance was measured by using a two-tailed paired Student’s
t test relative to wild-type strain. n.s means no significant differences. Source data are available for this figure: SourceData FS5.

Provided online are Table S1, Table S2, Table S3, Table S4, Table S5, and Table S6. Table S1 shows mitochondrial proteins detected in
the proteomic analysis with a statistically different 41°C/25°C ratio in at least one elF5A temperature-sensitive mutant with respect
to wild-type. Table S2 shows yeast strains used in this study. Table S3 shows the plasmids used in this study. Table S4 shows the
oligonucleotides used in this study. Table S5 shows the main characteristics of mRNAs analyzed by polysome profiling. Table S6
shows co-translationally inserted mitoproteins with the largest shift of ribosome distribution upon elF5A depletion.
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