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CELL BIOLOGY

Peroxisome function relies on organelle-associated

MRNA translation

Noa Dahan'*, Yury S. Bykov’, Elizabeth A. Boydston?}, Amir Fadel', Zohar Gazi',
Hodaya Hochberg-Laufer®, James Martenson®, Vlad Denic*, Yaron Shav-Tal?,
Jonathan S. Weissman’t, Naama Aviram'#1, Einat Zalckvar', Maya Schuldiner'*

Crucial metabolic functions of peroxisomes rely on a variety of peroxisomal membrane proteins (PMPs). While
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mRNA transcripts of PMPs were shown to be colocalized with peroxisomes, the process by which PMPs efficiently
couple translation with targeting to the peroxisomal membrane remained elusive. Here, we combine quantitative
electron microscopy with proximity-specific ribosome profiling and reveal that translation of specific PMPs occurs
on the surface of peroxisomes in the yeast Saccharomyces cerevisiae. This places peroxisomes alongside chloroplasts,
mitochondria, and the endoplasmic reticulum as organelles that use localized translation for ensuring correct
insertion of hydrophobic proteins into their membranes. Moreover, the correct targeting of these transcripts to
peroxisomes is crucial for peroxisomal and cellular function, emphasizing the importance of localized translation

for cellular physiology.

INTRODUCTION

Peroxisomes are central metabolic organelles whose maturation
and function depends on efficient and accurate targeting of peroxi-
somal membrane proteins (PMPs). Correct targeting of PMPs enables
completion of peroxisome maturation and function, import of peroxi-
somal luminal (matrix) proteins, and transfer of metabolites (1-3).
Despite their crucial roles, the targeting routes for the majority of
PMPs are unknown. Mutations in many of these PMPs result in
severe rare disorders (4). Moreover, it is recently becoming evident
that suboptimal peroxisomal function is not restricted to rare genetic
events but correlates with aging and underlies a broad spectrum of
pathological conditions from viral infectivity through cancer (5).

The current paradigm suggests that PMPs are targeted to peroxi-
somes by either of two paths. One, an indirect pathway, begins with
PMPs being targeted to the endoplasmic reticulum (ER) from
which they exit on pre-peroxisomal vesicles (PPVs) that later
mature to, or fuse with, functional peroxisomes. The second, a direct
path, involves PMP synthesis in the cytosol followed by posttransla-
tional targeting to the peroxisome (6). In both of these scenarios,
the accepted model is that PMP targeting depends on the essential
biogenesis factor Pex19.

Pex19 is a cytosolic chaperone that binds several PMPs (in yeast:
Pex3, Pex10, Pex11, Pex13, and Pex22 have all been shown to rely
on Pex19 for their targeting) and escorts them to their final destina-
tion (7-10). For many years, the function of Pex19 was thought to
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explain the targeting of all PMPs. However, multiple lines of evi-
dence are now accumulating to suggest that PMP targeting is more
complicated and intricate than previously thought. First, although a
Pex19 binding motif was found (7), many membrane proteins do
not have it, nor have they been shown to bind Pex19; second, some
PMPs, also of those that bind Pex19, can be targeted to peroxisomes
or PPVs independently of Pex19 (11); third, Pex19 also targets a
subset of mitochondria and lipid droplet membrane proteins
(12, 13), implicating it as a multifunctional chaperone. Therefore, we
reasoned that particular PMPs may be targeted to the peroxisomal
membrane by a Pex19-independent alternative route.
Conceptually, membrane proteins translated freely in the cytosol
and targeted only posttranslationally increase the danger of being
mistargeted or aggregated, both bearing toxic effects on cells
(14, 15). Therefore, it stands to reason that such highly hydrophobic
proteins will depend on organelle-associated translation (which we
here will also term localized translation). In such events, particular
mRNA transcripts are translated proximal to the target membranes
of their resulting proteins, thus averting their requirement to travel
through the cytosol to target correctly. Studies aimed to reveal the extent
and mechanisms of localized translation have focused mostly on the
ER where translation is often coupled with translocation through the
ER membrane (16, 17) as well as on mitochondria and chloroplasts
(18-21). As for peroxisomes, this phenomenon remained unstudied.
The possibility that peroxisomal protein targeting can occur by
localized translation was raised to explain the observations that the
mRNAs of several PMPs were visualized as colocalizing with peroxi-
somes using an in vivo mRNA tagging approach (MS2 loops, MS2L)
(22). Special attention was given to Pex14, an abundant PMP that is
a crucial component of the peroxisome import machinery and is essen-
tial for peroxisome biogenesis (23, 24). A high percentage of PEX14-MS2L
mRNA transcripts were shown to colocalize with peroxisomes;
however, their localization was shown to be partly dependent on
Pex14 translation (22). Because Pex14 contains a Pex19 binding
domain at its N terminus (7), the most trivial explanation would be
that Pex19 binds the nascent Pex14 and targets it to peroxisomes
during translation, bringing the entire translating ribosome and mRNA
with it. In this scenario, the mRNA localization to peroxisomes would
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simply be a by-product of Pex19-mediated targeting. Hence, the
observation of localized mRNA transcripts did not provide an answer to
the long-standing question—Is there a Pex19-independent pathway
for PMPs to be correctly targeted to the peroxisomal membrane?

RESULTS AND DISCUSSION

We set out to answer this question in the model organism, the yeast
Saccharomyces cerevisiae, that has been shown to have the same
peroxisomal targeting components as are found in human cells
(25). We decided to first focus on Pex14 because its mRNA was
shown to be localized to peroxisomes and because it can be targeted
to PPVs even in the absence of Pex19 (22, 26). If Pex14 is targeted by
Pex19 alone and this is the reason that its mRNA accumulates in
proximity to peroxisomes, then mRNA localization to peroxisomes
should be dependent on translation in general—specifically, translation
of PEX14 mRNA—and on the presence of Pex19. To rigorously test
this hypothesis, we performed three complementary experiments.
First, we arrested global cellular translation by adding the translation
inhibitor cycloheximide (CHX) and assayed the effects on colo-
calization of PEX14 transcripts with peroxisomes. To avoid adding
long stretches of sequence to the 3’ untranslated region (UTR), as is
done in the MS2L method, we detected superfolder green fluorescent
protein (sfGFP)-tagged PEX14 mRNA by single-molecule RNA
fluorescence in situ hybridization (smRNA-FISH) (27). We verified
that the CHX treatment blocked translation by the decrease of
sfGFP-Pex14 expression levels (fig. S1). However, despite the reduc-
tion in translation, the percentage of peroxisomes that colocalized with
sfGFP-PEX14 mRNA before and after CHX treatment remained the
same (~30%) and higher than the negative control (Fig. 1, A and B).
Hence, colocalization of PEX14 mRNA with peroxisomes was inde-
pendent of global translation. Next, we prevented the translation of
sfGFP-PEX14 by deleting its initiating methionine (AATG) on a
single, genomically expressed, copy in cells expressing also the native
PEX14 gene (to ensure that functional peroxisomes still exist).
Although sfGFP-Pex14 was not expressed in the absence of its ATG
(fig. S2), here, too, we observed no reduction in colocalization of
sfGFP-PEX14 mRNA with peroxisomes (Fig. 1, C and D). This sup-
ported our proposition that the localization of PEX14 transcripts to
peroxisomes is independent of protein translation. Third, to deter-
mine whether the chaperone Pex19 has a role in the peroxisomal
localization of PEX14 mRNA, we expressed PEX19 under the galac-
tose inducible/glucose repressible promoter (GALpr) because com-
plete deletion of Pex19 results in no peroxisomes and inability to
track any localization events. As this experiment requires tracking a
dynamic process, we visualized the localization of PEX14 mRNA by
the MS2L system that allows in vivo imaging of mRNA granules
(28). To verify our results, we also performed this experiment on an
additional PMP transcript that was shown to colocalize with peroxi-
somes, PEX11-MS2L (22). As expected for both, when Pex19 expres-
sion was restored by growth in galactose and mature peroxisomes
started to appear, the mRNA granules colocalized with them. Even
when Pex19 was fully repressed by growth in glucose, and Pex19
absence was verified by inability of mature peroxisomes to form
(fig. S4), we could still detect mRNA granules (Fig. 1, E and F).
Moreover, time-lapse experiments showed that these granules mark
sites of subsequent formation of mature peroxisomes (fig. S3) and
are fully associated with PPVs (Fig. 1G), known to exist in the ab-
sence of Pex19 (10).
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The results of all three experiments demonstrate that localization
of PMP transcripts can occur independently of translation and
Pex19 (Fig. 1H). Moreover, they highlight the possibility that mRNA
positioning to peroxisomes marks an early step in peroxisome
biogenesis.

Colocalization of the mRNAs of PEX1I and PEX14 with PPVs
suggests a role for peroxisomal-localized translation in growth and
maturation of peroxisomes. We therefore hypothesized that PMP
transcripts are translated in proximity to PPVs or the mature
peroxisomal membrane. For onsite translation to occur, ribosomes
must be associated with the peroxisomal membranes. Because such
an association has not been previously reported, we first visualized
yeast peroxisomes at high resolution to assay their association with
ribosomes. To enable accurate recognition of these tiny organelles
(diameter of 0.1 to 1 um), we applied correlative light and electron
microscopy (29, 30). We correlated the fluorescent signal of mCherry-
Pex14 to identify 51 peroxisomes that varied in their diameter. For
each peroxisome, we acquired high-resolution electron tomogra-
phy data, modeled their membranes, and determined positions of
neighboring ribosomes (Fig. 2, A and B, and movie S1). To our sur-
prise, all peroxisomes were surrounded by a 20-nm region that was
mostly devoid of ribosomes (Fig. 2, B and C). Such ribosomal exclu-
sion zones (REZs) were previously described around endocytic
invaginations that are surrounded by an actin mesh (31).

The absence of ribosomes in the peroxisomal REZ (which we
named PREZ) emphasized a number of ribosomes (one to three
ribosomes per organelle) that crossed it and were positioned adja-
cent to each of the peroxisomal membranes that we modeled. The
average number of peroxisomal membrane-associated ribosomes
(closer than 20 nm) did not correlate with peroxisome size. There
were roughly the same number of proximal ribosomes on small and
large peroxisomes (Fig. 2D). This suggests that the PREZ-crossing
ribosomes are not randomly found in proximity to the peroxisomal
membrane.

To support the observation that ribosomes can be found in
proximity to peroxisome membranes, we modified the previously
used ribosome proximity labeling assay (32) to detect ribosomes
proximal to peroxisomes. We spatially restricted the expression of a
biotin ligase (BirA) to peroxisomes by fusing it to either Pex25 or
Pex11, both abundant PMPs (fig. S5, A and B). In these same strains,
the large subunit ribosomal protein, Rpll6a/b, was fused to an
AviTag, which acts as a specific biotin acceptor peptide (Fig. 2E).
Following a biotin pulse, we detected proximal ribosomes by
streptavidin in both strains, supporting our observation that ribo-
somes reach a distance of under 10 nm from the peroxisomal
membrane (Fig. 2F). This biotinylation did not take place when the
AviTag was fused to a small ribosomal subunit protein 2 (RPS2)
(Fig. 2, G and H). Because the nascent chain emerges from the large
subunit and because orientation-dependent association is also
occurring at the ER (32), we conclude that ribosomes are found in
proximity to peroxisomes, in a controlled and oriented manner,
potentially poised for translation.

To uncover whether the peroxisomal-proximal ribosomes trans-
late specific transcripts, we performed peroxisome-specific ribosome
profiling (21, 32). To do this, we performed a streptavidin pulldown
of the ribosomes biotinylated by the peroxisome-localized BirA
(Pex-BirA). Because this procedure is done after translation is halted
by CHX, we first made sure that the colocalization levels of mRNA
transcripts with peroxisomes are not affected by CHX addition
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Fig. 1. Peroxisomal mRNA localization is not dependent on translation or Pex19. (A) Translation inhibition reveals that colocalization of PEX74 mRNA and peroxisomes
is translation independent. The maximum intensity projections of confocal images of smRNA-FISH assay of sfGFP-PEX14 (TAMRA, red) following 1-hour incubation with
CHX are shown. Peroxisomes in cyan (CFP-PTS1); yellow arrowheads highlight colocalization between PEX14 mRNA and peroxisomes; yeast periphery in dashed white
line. (B) Quantification of (A). Random colocalization threshold calculated by mRNA of Golgi SEC7 (n = 150; **P < 0.05, unpaired t test). n.s., not significant. (C) Schematic
description of interference with PEX14 translation. sfGFP-PEX14 under the NOP1 promoter (NOP1pr) was integrated into the HO (homothallic switching endonuclease)
locus locus either with the start methionine (+ATG) or without (-ATG). (D) Representative smFISH micrographs of +ATG and —ATG strains described above. Mature peroxi-
somes in cyan (CFP-PTS1), PEX14 mRNA in magenta (TAMRA), and Pex14 protein in green (GFP); yellow arrowheads indicate colocalization. Percentage of peroxisomes colo-
calizing with sfGFP-PEX14 mRNA (n=50; P> 0.05, unpaired t test). (E) Representative micrograph from time-lapse experiments of strains following induction of
GALpr-PEX19. PEX14-MS2L in green (MS binding coat protein—GFP) and peroxisomes in magenta (mCherry-PTS1). Percentage of mRNA granules colocalizing with peroxi-
somes. n=100. (F) Same as (E) but visualizing PEX11-MS2L mRNA (green). (G) Micrograph showing PEXT1-MS2L mRNA (green) colocalized with pre-peroxisomal vesicle
(PPV) in magenta (Pex14-mCherry) in the absence of Pex19 (GALpr-PEX19 grown on glucose). Percentage of mRNA granules colocalizing with PPVs. Scale bar, 5 um.
(H) Graphical summary of Fig. 1—three experimental methodologies suggest that mRNA localization to peroxisomes is independent of translation.
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circle). n=51. a.u,, arbitrary units. (D) Modeled peroxisome size distributions separate small (~50 nm diameter) and large (>100 nm diameter) peroxisomes. Dashed line is
the average number of proximal (>20 nm from membrane) ribosomes in each group. “1” and “2" are peroxisomes from (A). n=>51. (E) Schematic representation of the
proximity labeling assay. An abundant membrane protein (MP) fused to mVenus (v, green) and BirA (blue crescent) in cells that express Rpl16a/b fused to HA followed by
aTobacco Etch Virus (TEV) protease-cleavable AviTag. The AviTag is biotinylated upon addition of biotin (B, orange) only in ribosomes that are proximal (less than 10 nm) to
the BirA-fused MP. (F) Western blot analysis of cells described above on the background of either Sec63 (ER-MP, positive control), Pex11, or Pex25 (abundant PMPs) fused
to mVenus-BirA. Biotinylation detected by fluorescent streptavidin (SA; green). a-HA antibody used as loading control (red). (G) A schematic representation of (H) that is

similar to (E), but HA-TEV-AviTag is fused to Rps2. (H) Western blot analysis as in (F) but with Rps2-AviTag. Cytosolic protein Tef2 is a positive control.

(Fig. 3A and fig. S6). We then sequenced protected mRNA segments
to uncover 40 transcripts that were enriched in the Pex-BirA-tagged
strains relative to a total ribosomal sample that was not subject to a
streptavidin pulldown (table S1). Of these, peroxisomal transcripts
were highly enriched, specifically those of PMPs including PEX11,
PEX14,INP2, PXA1, PEX25, PEX27, PEX12, PEX35, PEX10, PEX13,
PEX21, and PEX22. We also observed translation of PEX6 mRNA
whose protein is only peripherally associated with the membrane
and, unexpectedly, transcripts of PEXI19 chaperone itself (Fig. 3B
and fig. S7, A to C). We validated the peroxisomal localization of
several of these transcripts using smRNA-FISH (fig. S8). The fact
that most of the highly enriched transcripts of peroxisome proteins
were PMPs suggests that peroxisome-localized translation is mostly
used by hydrophobic proteins that could potentially aggregate in
the cytosol or be mistargeted to other membrane destinations. The
enrichment of PEX19 mRNA may suggest localized translation as a
means to concentrate Pex19 in the vicinity of peroxisomes.

It was previously demonstrated by ER-specific ribosome profil-
ing experiments that the transcripts of some PMPs are translated in
vicinity to the ER before the targeting of the mature proteins to
peroxisomes (specifically PEX31, PEX17, FAT1, PEX29, ANTI,
PEX2, and PEX3) (32, 33). Low colocalization of these mRNAs to
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peroxisomes was supported by studies using the MS2L system (22).
To see how the transcripts of PMPs are distributed between the two
organelles during their translation, we compared the enriched tran-
scripts between peroxisomal and ER-associated ribosome profiling
data. The comparison revealed the existence of two PMP subsets,
one that is locally synthesized by ER-associated ribosomes and the
other by peroxisome-associated ones (Fig. 3D).

To assay whether the mRNAs of locally translated transcripts
arrive via mRNA binding proteins, we tried to computationally
uncover shared sequences or known recognition motifs for RNA
binding proteins in our peroxisomal ribosome profiling-enriched
transcripts, but without success. However, targeting of these tran-
scripts may rely on a combination of their primary, secondary, and
tertiary structures that enable recognition by trans-elements involved
in mRNA localization (34). Alternatively, a cotranslational targeting
machinery, akin to the signal recognition particle, may be present
and not yet identified. The machinery allowing this localized trans-
lation must therefore still be explored.

Several of the enriched transcripts encode for PMPs that are
essential for peroxisomal functions. If their proper targeting to
peroxisomes is dependent on localized translation, disrupting it should
lead to measurable physiological consequences. To assay this, we
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first focused on Pex11, which is important for peroxisome growth
and division (35). To assay the importance of its localized transla-
tion, we tethered the endogenously tagged PEX11-MS2L to an alter-
nate location, the ER, by fusing Sec63 (an ER membrane protein) to
an MS2L binding protein, MCP (MCPx2-GFP) (Fig. 4A). The
ER-localized Sec63-MCPx2-GFP anchored the MS2L-tagged mRNA
onto the ER periphery (fig. S9), as was previously shown (36). Mis-
localizing PEX11 mRNA to the ER resulted in fewer peroxisomes,
suggesting that mRNA localization plays a key role in proper
translation and protein targeting/translocation for this PMP (fig.
S10). We next tested Pex14, which is essential for peroxisome bio-
genesis. When we tethered PEX14-MS2L to the ER using the above
approach, we detected (Fig. 4B) and quantified (Fig. 4C) a significant
reduction in the intensity of the peroxisomal marker Pncl-mCherry
(37). To assay whether this decreased intensity is due to incomplete
maturation of peroxisomes, we measured growth in conditions
where peroxisomes become essential for yeast cell survival, oleate as
the sole carbon source. The mistargeted PEX14 transcript reduced
cell viability in this condition (Fig. 4D). To exacerbate the pheno-
type, we tethered PEX14-MS2L to mitochondria, which are not as
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closely associated to peroxisomes as the ER (38). Tethering to mito-
chondria was performed by endogenously fusing the outer mito-
chondrial membrane protein OM45 with MCPx2-GFP (Fig. 4E and
fig. S11). This demonstrated that cells with mitochondrial tethered
PEX14 mRNA could not grow on oleate at all, although they grew
normally on glucose-supplemented plates (Fig. 4F). The extent of
the phenotype was similar to a complete deletion of PEX14 gene,
highlighting the inability of the nascent Pex14 protein to reach the
peroxisomal membrane if not synthesized in its vicinity, despite
normal Pex19 presence in these cells. We verified that the effect is
not due to PEX14 mRNA being toxic to mitochondria, as the cells in
which PEX14 mRNA was tethered to mitochondria grew similarly
to control cells on plates requiring mitochondrial respiration (glycerol
as a sole carbon source) (fig. $12).

Last, we applied a similar assay to PXA1-MS2L. Pxal is a subunit of the
peroxisomal adenosine 5’-triphosphate (ATP)-binding cassette (ABC)
transporter complex that is essential for oleate uptake into peroxisomes
and is a homolog of the human adrenoleukodystrophy transporter
(ALDp), mutations in which cause X-linked adrenoleukodystrophy
(39, 40). When PXAI mRNA was tethered to mitochondria, cells
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puncta in strains from (B). Median, orange line (significance determined by Mann-Whitney unpaired t test) (D) Growth curve of indicated strains showing that ER tethering
of PEX14-MS2L mRNA slows yeast growth on oleate. Assay in triplicate; error bars are presented but are too small to detect. (E) lllustration describing the tethering of
mRNA-MS2L to mitochondria as in (A) but using Om45 fused to MCPx2-GFP. (F) Drop dilution assay, 7 days on oleate-containing medium, reveals that mislocalization of
PEX14 to mitochondria impairs growth similarly to Apex14. (G) Drop dilution assay reveals that mitochondria-tethered PXA7-MS2L mRNA impairs strain growth in oleate
and slows growth in glycerol (performed in triplicate; representative images shown).
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could not grow on oleate as a sole carbon source and also exhibited
a small colony growth phenotype and reduced growth kinetics on
glycerol as a sole carbon source (Fig. 4G and fig. S13). Because
pxal-deleted yeast properly grow on glycerol as a sole carbon source
(Fig. 4G and fig. S13), the phenotype cannot be due to loss of Pxal
activity, suggesting that toxicity arises from integration of Pxal into
the mitochondrial membranes when its mRNA is tightly tethered at
this local. Such a phenomenon was described before, when transcripts
that are locally translated on the ER were mistargeted to mitochon-
dria and caused mitochondrial defects (15).

Our work shows that yeast use localized translation on peroxisomal
membranes as a way to ensure accurate and efficient membrane
protein targeting to this important organelle. We show that targeting
of the localized mRNAs is independent of the chaperone Pex19,
suggesting that a parallel mechanism to the one previously described
exists for PMP targeting. Our work suggests that mistargeting of
peroxisomal transcripts not only interferes with peroxisomal func-
tions but also burdens other organelles. It could be that the main
advantage of localized translation is to enable targeting specificity, a
function that Pex19, which also targets membrane proteins to other
organelles, cannot fully perform (13, 14).

Our work puts forward a paradigm for how targeting specificity
could arise by localized translation of specific transcripts, encoding
hydrophobic proteins, proximal to peroxisomal membranes. Fur-
thermore, while a clear association between organelle malfunction
disorders and mislocalization of transcripts has not yet been established,
our results suggest that such a connection may exist. Our findings
will undoubtedly provide ample ground for such investigations.

More globally, the cell biology of localized translation has, until
now, focused on the ER, mitochondria, and chloroplasts. Our findings
put peroxisomes as a new destination for localized translation and
suggest that maybe more such destinations exist, previously overlooked
due to the sophisticated tools required to uncover their presence.

MATERIALS AND METHODS

Yeast growth medium

Synthetic medium used in this study contains yeast nitrogen base
(6.7 g/liter) with ammonium sulfate (Conda Pronadisa #1545) and
either 2% glucose (SD), 3% glycerol (SGly), 2% galactose (SGal), or
0.2% oleic acid (Sigma-Aldrich) + 0.1% Tween 80 (SOle), with
complete amino acid mix (optimized minimal media composition)
(41), unless written otherwise. When geneticin antibiotics are used,
the medium contains yeast nitrogen base (0.17 g/liter) without
ammonium sulfate (Conda Pronadisa #1553) and monosodium
glutamic acid (1 g/liter) (Sigma-Aldrich #G1626) instead of yeast
nitrogen base with ammonium sulfate. When mentioned, geneticin
(500 mg/liter; G418) (for medium) and nourseothricin (200 mg/liter)
(WERNER BioAgents “clonNAT”) were used.

Yeast growth assay

All growth assays were performed in triplicate. Cells were grown to
stationary phase in SD and proper selections. Cells were then diluted
to 0.2 optical density (OD) for overnight growth in 0.1% glucose
followed by a second dilution to 0.2 OD in SOle. For Fig. 4D, OD
was measured manually every 24 hours following two washes in
double distilled water, and the growth rate of each strain was
normalized to its control strain that expresses only the selection
cassette without any further modification. The growth assay in
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fig. S13 was done in a 96-well plate reader for automatic OD
measurements.

Yeast drop assay

Cells were grown to stationary phase in liquid medium followed by
dilution to 0.2 OD in 0.1% glucose-supplemented medium. When
cells reached 0.4 to 0.6 OD, 1 OD was collected and washed with
DDW. Five 1:10 serial dilutions were performed in medium. All
dilutions were plated on SD or SOle as well as on YPD (yeast
extract, peptone, and dextrose) or YP + 3% glycerol agar plates.
Colonies that were grown on YPD and SD agar plates were imaged
2 to 3 days after plating. YPGly-grown colonies were imaged 4 to
5 days after plating, and YPOle-grown colonies were imaged 7 to
10 days after plating.

Transformations and genetic manipulations

Cells were genetically manipulated using a transformation method
that includes the usage of lithium acetate, polyethylene glycol, and
single-stranded DNA (42). All primers for manipulations and
validation were designed using Primers-4-Yeast (43).

Single-molecule RNA fluorescence in situ hybridization

The protocol used for smRNA-FISH was slightly modified from
(44). Cells were grown from 0.4 to 0.6 OD in SD medium with
proper selections; 3 ODs in total were fixed with 4% formaldehyde
(Sigma-Aldrich), spheroplasted with lyticase for 30 min at 30°C,
and washed carefully.

Probe hybridization

Spheroplasted cells were hybridized with DNA probes overnight at 30°C.
For the smRNA-FISH experiments described in Fig. 1 (A and D)
and in figs. S5 and S7, a set of 40 probes that was designed against
sfGFP was used. The probes were designed by the online program
Stellaris RNA Probe Designer from Biosearch Technologies (Novato,
CA, USA) and ordered conjugated to the TAMRA fluorescent dye.
The probes used for smRNA-FISH experiments in fig. S8 are a
mixture of three different DNA oligos matching the MS2L sequence
that were manually conjugated to Cy3 as described in (45) (a gift
of J. Gerst).

Imaging and analysis

For smRNA-FISH

Cells were washed from the probe with formamide (Sigma-Aldrich)-
based wash buffer and placed on a 384-well glass-bottom micro-
scope plate (Matrical Bioscience) coated with concanavalin A. After
20 min, cells were washed with wash buffer to remove nonadherent
cells and to obtain a cell monolayer. The plate was then imaged in
an automated inverted fluorescent microscope system (Olympus)
harboring a spinning disc module using a 60x oil lens (numerical
aperture, 1.42) with a Hamamatsu ORCA-Flash 4.0 camera. Images
were recorded with the cellSens dimension software (Olympus) in
four channels: GFP (excitation wavelength, 488 nm), mCherry
(excitation wavelength, 561 nm), 4',6-diamidino-2-phenylindole
(DAPI) (excitation wavelength, 405 nm), and brightfield. In each
position, three-channel Z-stack images were taken with a step size
of 350 nm for a total of 3.5 um. Each Z-plane image was of size
2048 x 2048 pixels. Images were analyzed in Fiji image processing
package (46) used for Z-stack conversion to a single-plane image
based on maximal projection, and the cell counter tool was used to
manually count areas of colocalization.
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For peroxisomes intensity analysis

Cells were grown with proper selections and plated on 384-well
glass-bottom plates. Following single-plane imaging as above, cells
were segmented on the basis of their GFP background. Then, 876
Pncl-mCherry puncta representing peroxisomes were selected
randomly for segmentation by the scanR acquisition software and
measured for their intensity.

In vivo visualization of peroxisomal mRNA

The mRNA of PEXI1I and PEX14 in the absence or presence of
Pex19 was visualized in strains that were previously described in
which these peroxins are tagged with MS2L (version 3). Strains
were a gift from J. Gerst. These same strains were further manipu-
lated to replace the native promoter (NATIVEpr) of PEXI9 with a
GALpr and transformed with a 2u expression plasmid bearing the
site-specific RNA binding coat protein of the bacteriophage MS2
(MCP) fused to three repeats of GFP. Cells were grown to stationary
phase on a 96-well plate in SD or SGal without histidine. Cells were
then regrown to mid-log phase in SOle medium for 5 hours. For the
time-lapse experiment presented in fig. S3, to follow the formation
of peroxisomes upon GALpr-PEX19 expression induction, cells
were incubated overnight with SD, followed by SOle incubation for
5 hours, and then SGal-supplemented medium was added before
overnight visualization.

Visualization

In vivo imaging of yeast cells was performed using the VisiScope
Confocal Cell Explorer system, composed of a Zeiss Yokogawa
spinning disk scanning unit (CSU-W1) coupled with an inverted
Olympus microscope (IX83; 60x oil objective). To visualize mRNA
granules, we applied the excitation wavelength of 488 nm for GFP for
500 ms, and to visualize mCherry, we used the 561-nm excitation
channel for 1500 ms. Images were taken by a connected pco.edge
scientific complementary metal-oxide semiconductor (sCMOS)
camera controlled by VisView software. For the time point experi-
ment presented in fig. S3, an image was acquired every 5 min start-
ing from the time the cells were moved into galactose medium
during 10 hours.

Correlative microscopy and measurements

of ribosome proximity

An overnight starter of yeast cells expressing TEF2pr-mCherry-PEX14
was grown in YPD to stationary followed by back-dilution to reach
mid-logarithmic growth phase. Twelve ODs of cells were harvested,
pelleted, and subjected to high-pressure freezing.

High-pressure freezing

Freeze substitution and resin embedding were done exactly as
described earlier (47). The embedded samples were sectioned to the
nominal thickness of 200 nm using a Leica UC7 microtome and
mounted on 200-mesh copper grids with continuous carbon sup-
port film (Electron Microscopy Sciences).

Fluorescence signal detection

TetraSpeck beads of 100 nm diameter (Thermo Fisher Scientific)
were diluted in phosphate-buffered saline (PBS) and deposited on
the sample surface to be used as correlation markers. The grids were
sandwiched between two round coverslips with small amount of PBS,
and Z-stacks were acquired in several locations using a VisiScope
Confocal Cell Explorer system, composed of a Zeiss Yokogawa
spinning disk scanning unit (CSU-W1), an inverted Olympus
microscope (IX83; 100x oil objective; excitation lasers of 488 nm
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for GFP channel and 560 nm for mCherry channel), and a pco.edge
sCMOS camera controlled by VisView software. After imaging, the
grids were washed in distilled water and dried. The maximal projec-
tions resulting from Z-stacks were used to perform correlation and
guide electron microscopy data acquisition.

Electron microscopy

Before electron microscopy, gold beads of 15 nm diameter were
deposited on the sample surface as tomography fiducials and the
samples were contrasted with Reynold’s lead citrate for 7 min.
Electron microscopy data were collected on an FEI Tecnai G2 F20
transmission electron microscope using a Gatan UltraScan 4000
charge-coupled device detector operating at 2 x 2 binning under the
control of SerialEM software. Large-area overviews used for correlation
were collected as montages at a nominal magnification of x7800
(calibrated pixel size, 2.818 nm) and large defocus (-100 um)
to visualize the TetraSpeck beads; dual-axis tomograms were collected
with the angular range from 60° to —60° and 1° increment at a nominal
magnification of x19,000 (calibrated pixel size, 1.159 nm).
Correlation

Correlation was performed using MATLAB scripts introduced
previously (48), and tomograms were reconstructed using IMOD
package (48). In total, we collected and reconstructed 31 tomo-
grams that, according to correlation, contained 66 fluorescent
mCherry spots of different intensity. Of these, we excluded the
spots that did not contain any spherical objects that could not be
unambiguously assigned and spherical objects that contained only a
small part of their volume within the cross section. Overall, we
modeled 51 spherical membranes using IMOD (47). In three cases,
there were two vesicles at the same fluorescent spot, so we modeled
and included in the dataset both of them.

Ribosome localization

We cropped small tomographic volumes 100 pixels around each
modeled membrane (in X and Y) and segmented these volumes
using pixel segmentation workflow in ilastik with a label for ribo-
somes and a label for everything else (49). The segmented ribosome
data were further smoothened and segmented into separate blobs
using watershed transform implemented in MATLAB Image
Processing Toolbox. Centroid of each blob was determined and
imported back to IMOD as a model containing a set of scattered
points. Then, each ribosome model was manually examined and
corrected in IMOD so that each model point corresponded to one
ribosome center. Typically, a model contained 200 to 400 ribosomes
in a 100-pixel area around the peroxisome membrane. Ribosomes
were unambiguously identified in our data as uniformly sized
electron-dense bodies of around 20 nm (18 pixels) diameter. All
subsequent measurements were performed using MATLAB Image
Processing Toolbox. We measured the smoothened ribosome
density at different distances from peroxisomal membrane to account
for different diameters of peroxisomes (that greatly affects the total
number of ribosomes visualized). To do this, each ribosome from
the verified model was projected in a volume as a sphere of 9-pixel
radius (diameter around 20 nm). The peroxisome membrane was
projected in a similar volume and consequently morphologically
dilated with a 5-pixel radius spherical structuring element to create
20 shell-like masks, each 5-pixel thick. These masks were applied to
the volume with projected ribosomes to calculate ribosome density
in each shell as a fraction of shell volume occupied by simulated
ribosome pixels. The ribosome density in each shell was plotted as a
function of average distance of each shell from the peroxisome
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membrane to create a density profile for each peroxisome, and all
such profiles were averaged to determine the size of REZ—a space
around peroxisomal membrane with reduced ribosomal density. To
calculate the total number of ribosomes proximal to each peroxisomal
membrane that was modeled, a pairwise distance between each
ribosome and membrane was calculated. The ribosomes with the
distance of less than 20 nm were considered proximal.

Proximity labeling assay

The ribosomal subunits Rpl16a/b were conjugated to AviTag
(biotin acceptor peptide), and Pex25 and Pex11 were conjugated to
BirA (biotin ligase), allowing the specific biotinylation and strepta-
vidin pulldown of ribosomes in close physical proximity to the
peroxisome membrane. By comparing the ribosomal footprints
obtained from the total ribosome fraction and the streptavidin-
pulled fraction, peroxisome-localized translation enrichment was
measured. Biotin induction was carried out at mid-logarithmic
growth phase in the presence of CHX, which was added to the
medium 2 min before the addition of biotin, at a final concentration
of 100 ug/ml. Biotin pulse was carried out for either 2 or 5 min. We
verified that the addition of CHX did not change the percentage of
PMP mRNAs that colocalized with peroxisomes by smRNA-FISH
(fig. S6). To induce biotinylation, p-biotin was added to the medium
to a final concentration of 10 nM and biotinylation was allowed to
proceed for 4 min at cell growth temperature. Cells were snap-frozen
and kept for Western blot analysis (21, 32).

Protein extraction and Western blot

For protein extraction, pellets were resuspended in urea lysis buffer
[8 M urea and 50 mM tris (pH 7.5) supplemented with 1:200 protease
inhibitor cocktail (Merck)]. The cell wall was broken down by
vortexing at high speed with ready-to-use glass beads (Scientific
Industries) at 4°C for 10 min; 25 pl of 20% SDS was added followed
by incubation at 95°C for 5 min. Samples were run on a 4 to 20%
gradient gel (Bio-Rad) at a constant voltage of 100 V and then trans-
ferred to a nitrocellulose membrane using a semi-dry transfer machine
(Bio-Rad). The membrane was blotted with a-HA (hemagglutinin)
antibody at a dilution of 1:1000 (BioLegend) to detect either Rps2-HA-
Avi or Rpl16a/b-HA-Avi followed by an IRDye 680LT goat a.-mouse
secondary antibody (LI-COR Biosciences) was used at 1:10,000
dilution. To detect the biotinylated ribosomal proteins, the membrane
was blotted with 1:2000 Alexa Fluor 790 streptavidin (Jackson
ImmunoResearch) in 3% bovine serum albumin. Membrane visualiza-
tion was done by scanning with the Odyssey Imaging System
(LI-COR Biosciences). For detecting sfGFP-Pex14 (fig. S2), a rabbit
polyclonal primary antibody designed against GFP was used at a
concentration of 1:1000 (Abcam), and a 790LT secondary goat o-rabbit
(LI-COR Biosciences) was used at a dilution of 1:10,000. As a loading
control, a mouse monoclonal primary antibody designed against
actin was used at a concentration of 1:1000.

Peroxisome proximity-specific ribosome profiling

Cells preparation is similar to that described in the previous section
with the exception that, following the biotinylation assay, cells were
harvested by filtration onto 0.45-um pore size nitrocellulose filters
(Whatman), scraped from the membrane, and immediately submerged
in liquid nitrogen. The following steps of monosomes isolation,
streptavidin pulldown of biotinylated ribosomes, and library gener-
ation were done as previously described (21, 33, 34).
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Computational analysis

By comparing the ribosomal footprints obtained from the total
ribosome fraction and the streptavidin-pulled fraction, ER-localized
translation enrichment was measured.

Footprint sequence

Sequencing reads were demultiplexed and stripped of 3’ cloning
adapters using in-house scripts. Reads were mapped sequentially to
Bowtie indices composed of ribosomal RNAs, transfer RNAs, and
finally all chromosomes using Bowtie 1.1.0. Only uniquely mapped,
zero-mismatch reads from the final genomic alignment were used
for subsequent analyses. These alignments were assigned a specific
P-sitenucleotide using a 15-nucleotide offset from the 3’ end of reads.
Gene enrichments

Gene-level enrichments were computed by taking the log, ratio of
biotinylated footprint density (reads per million) within a gene
coding sequence (CDS) over the corresponding density of matched
input ribosome profiling experiment. Yeast genes were excluded
from all analysis if they met any of the following criteria: had fewer
than 100 CDS-mapping footprints in the input sample of a particu-
lar experiment, annotated as “dubious” in the Saccharomyces
Genome Database, and gene maps to the mitochondrial chromosome.
In addition, regions where CDS overlaps another same-strand CDS
were excluded from enrichment calculations. Genes that were
enriched in the peroxisome-specific ribosomal profiling were found
by comparing the enriched transcripts in Pex11-BirA and Pex25-BirA
samples 2 or 5 min after biotin treatment to the total cell lysate under
the same conditions. Log, enrichments were separately normalized
by subtracting the mean enrichment and dividing by the SD of en-
richments for the corresponding experiment. Genes were then binned
by the minimum number of sequencing counts. A gene where its
log, enrichment was above 0.5 was considered as enriched.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abk2141
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