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ABSTRACT

Yeasts generally grow with a highly glycolytic metabolism and restrain mitochondrial biogenesis
except for some Fe/S proteins. Respiratory mitochondrial functions and biosynthesis pathways are
well studied, however how cells coordinate basal fermentative mitochondrial functions is not fully
understood. We show that a part of nuclear-encoded mitochondrial mRNAs, which preferentially
translated in monosomes, are regulated by Puf3p upon glucose-rich media. Especially, of those
monosome-enriched nuclear-encoded mitochondrial mMRNAs, CAT5/COQ7 mRNA has a variant of
the canonical Puf3p binding site on its 3’-UTR. Western blot analysis showed that Puf3p represses
the translation of Cat5p regardless of fermentable or respiratory media. In vitro binding assay
revealed that Puf3p directly binds to CATS mRNA via the non-canonical Puf3p binding site.
Mutants harboring the substitution of the non-canonical Puf3p binding site in CATS mRNA grew
normally but impaired Cat5p expressions apparently, indicating CATS mRNA is a bona fide Puf3p
target. Overall, Puf3p, a general key modulator for nuclear-encoded mitochondrial MRNAs, fine-
tunes translation of a subset of nuclear-encoded mitochondrial MRNAs including mMRNAs with non-
canonical Puf3p binding sites under the fermentation. This may be required to keeping the

fundamental functions of yeast mitochondria at proper levels.
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INTRODUCTION

Mitochondria play crucial roles for numerous cellular processes, including biosynthesis of heme
and Fe/S clusters, metabolism of amino acids and lipids, and production of the bulk of ATP in many
eukaryotes (Attardi and Schatz 1988; Lill and Muhlenhoff 2008; Malina et al. 2018).
Saccharomyces cerevisiae, a classical model organism on mitochondrial research, generally prefers
fermentation rather than respiration. The fermentation process using glucose is catalytically more
efficient than the respiration regarding ATP production per protein mass (Nilsson and Nielsen
2016), whereas the respiration generates 10 times more ATP per glucose molecule (van Dijken et al.
2000). Only if glucose is exhausted, yeasts switch to aerobic respiration accompanying with
dynamic upregulation of mitochondrial biogenesis, as the diauxic shift. Although yeasts can survive
with defects in oxidative phosphorylation with complete loss of mtDNA, the mitochondrial
dysfunction of Fe/S assembly is lethal (Gancedo 1998; Lill and Muhlenhoff 2008; Malina et al.
2018). Mitochondrial iron-sulfur cluster (ISC) assembly machinery is required for biogenesis of all
cellular Fe/S proteins including cytosolic and nuclear Fe/S proteins that involved in DNA
maintenance or protein translation. The inactive state of these cytosolic and nucleus Fe/S proteins
impairs cell viability (Lill and Muhlenhoff 2008; Sharma et al. 2010).

In Saccharomyces cerevisiae, only eight mitochondrial proteins are encoded by the
mitochondrial genome. More than 99% of all the remaining mitochondrial proteins are encoded by
the nuclear genome, and translated in cytosolic ribosomes as their precursor form (Endo et al. 2011,
Priesnitz and Becker 2018; Wiedemann and Pfanner 2017). Thus, correct sorting of mitochondrial
proteins is the first step to ensure organellar functionality. A classical targeting pathway for
mitochondrial proteins uses mitochondrial targeting sequences (MTS) mainly located on their N-
terminus (Chacinska et al. 2009; Wiedemann and Pfanner 2017), whereas approximately one-half
of mMRNAs for nuclear-encoded mitochondrial proteins (nc-mitochondrial MRNAS) are transported

to the mitochondrial surface, and translated locally (Garcia et al. 2007; Marc et al. 2002; Lesnik et
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al. 2015; Sylvestre et al. 2003). Proximity-specific ribosome profiling targeting the tagged
ribosomes on the mitochondrial surface showed highly enrichment of nc-mitochondrial mMRNAs,
especially those encoding proteins in the mitochondrial inner membrane (Williams et al. 2014).
Electron cryotomography (CryoET) revealed active cytosolic ribosomes attach to the mitochondrial
outer membrane and interact with the TOM complex (Gold et al. 2017). The cytosolic translation of
nc-mitochondrial MRNAs and mitochondria closely interact with each other. In fact, aberrant
accumulation of mitochondrial precursors in the cytosol causes mitochondrial precursor over-
accumulation stress (mMPOS) (Wang and Chen 2015). Alternatively, mitochondrial dysfunction
triggers a cytosolic proteostasis system (Andréasson et al. 2019).

A member of the Pumilio-homology domain family, Puf3p is a well-known regulator for nc-
mitochondrial mMRNAs (Walters and Parker 2014; Quenault et al. 2011; Crawford and Pavitt 2019).
Global analysis showed that Puf3p physically associates with 220 transcripts at least, and more than
70% of which are nc-mitochondrial mMRNAs (Gerber et al. 2004). The following multi-omics
analyses consistently showed binding specificity of Puf3p to nc-mitochondrial mMRNAs (Hogan et al.
2008; Freeberg et al. 2013; Kershaw et al. 2015), while PAR-clip (Freeberg et al. 2013) and RIP-
seq (Kershaw et al. 2015) additionally identified numerous non-mitochondrial mMRNAs as Puf3p
targets. Therefore, Puf3p is not a specialized regulator of nc-mitochondrial mMRNAs, rather globally
modulates gene expression related to mitochondrial functions.

The puf3A4 yeast grows slowly in the respiratory media (Gerber et al. 2004; Lee and Tu
2015), and impairs mitochondrial motility and biogenesis (Garcia-Rodriguez et al. 2007; Lee and
Tu 2015). Loss of Puf3p changes cellular oxidative stress tolerance and the glutathione redox state
(Rowe et al. 2014), as well as increasing cellular oxygen consumption in a growth-dependent
manner (Chatenay-Lapointe and Shadel 2011). In parallel, multiple studies reported that Puf3p
destabilizes its target mMRNAs by promoting deadenylation, and regulates negatively mitochondrial
biogenesis under the fermentation (Chatenay-Lapointe and Shadel 2011; Foat et al. 2005; Gerber et

al. 2004; Gupta et al. 2014; Jackson et al. 2004; Lee et al. 2010; Miller et al. 2014; Olivas and
4
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Parker 2000). In agree with the repressive roles of Puf3p in the glucose-rich media, Puf3p
abundance drastically reduces during the diauxic shift (Garcia-Rodriguez et al. 2007), but
meanwhile Puf3p associates with actively translating polysomes upon glucose depletion and
promotes mitochondrial biogenesis (Lee and Tu 2015; Wang et al. 2019). This bi-directional
functions of Puf3p are regulated by phosphorylation via casein kinase Hrr25p (Bhondeley and Liu
2020; Lee and Tu 2015). The corresponding PUF3(24A) mutations acts dominant negatively, and
even more strongly inhibit cell growth upon the diauxic shift than the complete deletion of PUF3
(Lee and Tu 2015), meaning that the improper phosphorylation status of Puf3p highly impacts on
cellular homeostats.

Puf3p possess an eight-Puf repeats each of which comprises three o-helices, and the helices
of neighboring repeats are stacked to form a crescent shape (Edwards et al. 2001; Wang et al. 2001;
Zhu et al. 2009). X-ray crystallography revealed three amino acid residues within each Puf repeat
directly contact with a single base of RNA and determine binding specificity dominantly (Cheong
and Hall 2006; Koh et al. 2009; Miller et al. 2008; Opperman et al. 2005; Varshney et al. 1991;
Wang et al. 2009; Zhu et al. 2009). The Puf3p repeat domain (Puf3-RD) is sufficient to modulate
mMRNA metabolism and physically interacts with target mRNAs, shown by yeast Puf3p, which
binds to the 3’-UTR of COX17 mRNA (Houshmandi and Olivas 2005; Jackson et al. 2004).
Regarding the Puf3p binding motif on target MRNAs, an 8-nt UGUANAUA was identified as the
consensus Puf3p binding sequence (Olivas and Parker 2000; Gerber et al. 2004; Riordan et al.
2011). PUF proteins generally bind to a typical 8-nt sequence possessing UGU(A/G) at the 5’ end
and more variable 3’ sequences specific to the individual Puf proteins (Bernstein et al. 2005; Gerber
et al. 2004; Opperman et al. 2005; Wickens et al. 2002). At least in yeast, a cytosine at the second
position minus the Puf3p binding sequence was involved in Puf3p-RNA binding in vitro as well as
biological activity in vivo (Zhu et al. 2009).

Mitochondrial studies uncovered the respiratory mitochondrial functions as well as cytosolic

regulations regarding mRNA stability and translational control of nc-mitochondrial MRNAs.
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However, how budding yeasts coordinate the basal mitochondrial functions under the fermentation
are still not completely clear. Since most of nc-mitochondrial mMRNAs are generally rapidly
degraded and/or translationally repressed under the fermentation (Miller et al. 2014; Foat et al.
2005), we focused on monosome-enriched mRNAs identified by ribosome profiling in Heyer and
Moore (Heyer and Moore 2016). These monosome-enriched mRNAs include a subset of nc-
mitochondrial mRNAs, which harboring the Puf3p binding sequence as the canonical Puf3p targets.
Although CAT5/COQ7 mRNA was a non-canonical Puf3p target, our biochemical analyses clearly
showed that Puf3p controls CAT5 mRNA translation and directly binds to the CAT5 3’-UTR viaa
non-canonical Puf3p binding sequence, which possesses a nucleotide substitution at the 7th position
not usually observed in the canonical one. Thus, our data certainly provide different lines of
evidence regarding Puf3p functions during the fermentation, as well as pointing out wider

acceptance of mMRNA recognition by Puf3p.
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RESULTSAND DISCUSSIONS

Categorized monosome-enriched nc-mitochondrial mMRNAs show a correlation with mRNA

localization on the mitochondrial membraneincluding Puf3p tar gets.

To explore the translational status of nc-mitochondrial MRNAs under the fermentable conditions,
we referred to Heyer and Moore (2016), which identified monosome-enriched mRNAs in S
cerevisiae via ribosome profiling. The mRNAs engaging with monosome and longer than 590 nt,
mainly include mRNAs for nuclear proteins, while mRNAs for mitochondrial proteins are also
included noticeably (Supplemental Figure S1A). We analyzed their published dataset (NCBI’s
GEO: GSE76117) regarding the monosome-enriched nc-mitochondrial MRNAs more individually,
and found that 75% (18 out of 24) of those MRNAs are localized on the mitochondrial outer
membrane and a half of which possess the binding site for Puf3p (Saint-Georges et al. 2008;
Supplemental Table S1). Puf3p, one of the Pumilio homologues, controls the translation of
numerous nc-mitochondrial MRNAS via its target sequences until the mRNAs are at the vicinity of
mitochondria (Crawford and Pavitt 2019; Quenault et al. 2011; Walters and Parker 2014). We
speculated the monosome-enriched nc-mitochondrial mMRNAs, especially those interacted with
Puf3p, may reflect the intermediate status during degradation or the temporary translation-repressed
status during mRNAs transport to mitochondria. According to their ribosome footprints of mMRNAs
in the monosome fraction, the nc-mitochondrial mMRNAs regardless of whether categorized as
polysome-enriched or monosome-enriched ones, have mainly a high peak of ribosome occupancy at
the 5’-end of the ORFs, probably due to stalling ribosomes at the region encoding MTSs. In
contrast, the polysome-enriched non-mitochondrial mRNAs possessed rather distributed monosome
peaks throughout their ORF (Supplemental Figure S1B). Thus, it is likely that the nc-mitochondrial
mRNAs in the monosome fraction are rather not degraded but in stand-by and/or ongoing modes for

translation near the mitochondria.
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A subset of nc-mitochondrial MRNAs was occupied by small numbers of ribosomes under the

fermentation.

To probe further if monosome-enriched nc-mitochondrial mMRNAS possess any distinctive features
on their translation under the fermentable conditions, we performed the polysome analysis of wild-
type and puf3A4 yeasts, followed by northern blotting using fractionated RNAs. Consistent with the
previous report (Kershaw et al. 2015; Rowe et al. 2014), global polysome traces were similar in the
wild-type and puf34 cells grown in the fermentable medium, indicating no obvious overall
translation defects by deletion of Puf3p (Supplemental Figure S2A). For northern analysis, RNAs in
the sucrose gradient fractions were isopropanol-precipitated and were subjected to formaldehyde-
agarose gel electrophoresis. Although the amount of total RNAs in each fraction varied depending
on the fractionated position, the overall distributions of total RNAs in the wild type and puf34
resembled each other (Supplemental Figure S2B).

We selected the following total four types of mRNAs for further analyses; polysome-
enriched mRNAs that do not encode mitochondrial proteins (type 1), polysome-enriched mRNAs
encoding nc-mitochondrial proteins (type 2), and monosome-enriched nc-mitochondrial mMRNAs
(type 3 and type 4). The monosome-enriched nc-mitochondrial MRNAs were further classified by
the Puf3p sites to focus on translational regulation of Puf3p to these mMRNAs; monosome-enriched
nc-mitochondrial MRNASs with the Puf3p binding sequence (type 3), or without the Puf3p binding
sequence (type 4). As described previously (Heyer and Moore 2016), many monosome-enriched
MRNASs show lower expressions than other mMRNAs upon fermentable media. We confirmed this
expression tendency of monosome-enriched nc-mitochondrial mMRNAs by RT-PCR or northern
blotting. Due to the technical difficulty for further analysis, mRNAs with relatively higher

abundances upon fermentable media were selected. According to the above criteria, we finally
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picked mMRNAs; ACT1, ILV5, a pair of MRPL16 and RSM10, and a pair of AIM17 and CAT5/COQ7
as representatives of type 1-type 4 mRNAs, respectively (Supplemental Table S1).

In the wild-type cells, more than 75% of ACT1 mRNA (type 1), one of the constitutively
translated non-mitochondrial mMRNAs, was clearly translated in heavy polysomes (more than 3
ribosomes; fractions 9-13 in Figure 1A, 1D and 1F). Average mRNA occupancies in the polysomes
(light and heavy) were 94.6% (Figure 1F). Likewise, 64.5% of ILV5 (type 2; polysome-enriched nc-
mitochondrial mMRNA) was mainly translated in the heavy polysomes, and showed a quite similar
MRNA distribution pattern to that of ACT1 (Figure 1A). Consistent with the ribosome footprinting
analysis of ILV5 mRNA using the dataset of Heyer and Moore (2016) (Supplemental Figure S1B),
mMRNA population of ILV5 in the small-number ribosome fractions (monosomes and light
polysomes) was much higher than that of ACT1 (Figure 1F). In contrast, monosome-enriched nc-
mitochondrial mRNAs (type 3 and type 4), MRPL16, RSM10, and CAT5/COQ7, were apparently
translated in the small-number ribosome fractions (Figure 1B, 1C, and 1E). Northern analyses
showed that these type 3 and type 4 mRNA s still have the highest MRNA population in the
polysomes, while approximately 40% of their total mMRNASs were translated in the light polysomes,
which resulted in relative flat distributions of the mRNAs from monosomes to heavy polysomes in
the wild-type cells (Figure 1B, 1C, 1E and 1F). A partial exception for the type 3 and type 4, AIM17
MRNA (type 4) distributed similarly to ILV5 (type 2; Figure 1D and 1F). Given that AIM17 mRNA
has a longer ORF length (1,398 nt) than the other type 3 and type 4 mRNAs analyzed here (612—-702
nt) and that the length is relatively similar to that of ILV5 mRNA (1,188 nt), it may simply reflect
the loading capacity of ribosomes depending on the ORF length, leading the different MRNA
distribution of AIM17.

Many monosome-enriched nc-mitochondrial MRNAs are localized on the mitochondrial
surface on a Puf3p dependent or independent manner (Supplemental Table S1). MRPL16 and
RSM10 (type 3), AIM17 and CAT5 (type 4) are all localized on the mitochondrial outer membrane,

although the polysome-enriched ILV5 (type 2) is not the case (Saint-Georges et al. 2008). Curiously,
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the deletion of Puf3p decreases the proportion of those localized mRNAs; MRPL16, RSVI10, AIM17
and CATS5, but inversely induces the mRNA localization of ILV5 (Saint-Georges et al. 2008). Here,
our polysome analysis revealed that the absence of Puf3p did not change significantly the mRNA
distributions of ACT1 and ILV5 (type 1 and type 2), which are mainly translated in heavy polysomes,
and rather slightly increased the number of ribosomes per mRNA in these two mRNAs (Figure 1A).
This is also apparent when sucrose density gradient fractions were divided into four bins, namely,
non-ribosomal cytosol, monosomes, light polysomes, and heavy polysomes, to allow more
guantitative comparison (Figure 1F). On the contrary, MRPL16 (type 3), AIM17 and CAT5 (type 4)
mRNAs were mildly shifted to the monosomes; the peak in the heavy polysomes fell in the absence
of Puf3p (Figure 1B, 1D, 1E and 1F). Another type 3 mRNA, RSM10, was also altered its
distribution pattern in the puf34 (Figure 1C), while the difference is not so noticeable as other type
3 and type 4 mRNAs (Figure 1F). Thus, Puf3p certainly impacted on translations of the monosome-
enriched mRNAs of both type 3 and type 4 rather than the polysome-enriched ones. These effects
were partially different depending on the transcripts. Given that Puf3p has influence on mMRNA
translations in a broader range beyond its canonical targets (Freeberg et al. 2013; Kershaw et al.

2015; Lapointe et al. 2018), that might include some indirect effects by Puf3p.

Deletion of Puf3p marginally affects the abundance of mMRNAS, even those lacking the

canonical Puf3p target sequence.

Previous studies revealed that Puf3p controls mRNAs decay, which is involved in mitochondrial
functions, in transcript-specific and carbon source-dependent manners (Jackson et al. 2004; Miller
et al. 2014, Olivas and Parker 2000). We then verified expression of monosome-enriched mRNAs
in the presence or absence of Puf3p (Figure 2; see also Supplemental Figure S3 for the total RNA
migration pattern). Northern blot analyses were conducted using total RNA prepared from

logarithmically growing yeasts. Relative abundance of the polysome-enriched ILV5 mRNA (type 2)
10
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was similar between the wild-type and puf34 yeasts grown in the fermentable medium. The average
alteration of relative ILV5 mRNA abundance (puf34/wild type, A/W) was 0.92 (Figure 2A). In
contrast, those for the type 3 mMRNAs, RSVI10 and MRPL16, slightly increased in the cells lacking
Puf3p (A/W, 1.31 for RSM10 and 1.37 for MRPL16; Figure 2A), implying that Puf3p promotes
MRNA decay slightly in the carbon-source dependent manner (Jackson et al. 2004; Miller et al.
2014; Olivas and Parker 2000). Actually, in the case of RSM10, it was reported that Puf3p does not
affect the mRNA level (Miller et al. 2014), while our analysis reproducibly showed loss of Puf3p
slightly enhanced the expression of RSMI10 mRNA. Because S. cerevisiae genetic variability leads
to different phenotypes related to mitochondria (Montanari et al. 2014), this expression variance of
RSM10 mRNA may be caused by difference in genetic backgrounds.

The other type of monosome-enriched nc-mitochondrial mRNAs (type 4) showed transcript-
dependent expression patterns; AIM17 mRNA was de-stabilized in the puf34 mutant (W/A=0.74)
whereas CATS5 mRNA was expressed slightly more (W/A=1.22; Figure 2A). Both mRNAs lack the
canonical Puf3p binding sequence. However, Puf3p fine-tuned these mMRNA levels. In line with the
indirect moderation by Puf3p, non-mitochondrial mMRNA, ACT1 (type 1), was also altered its
mMRNA abundance by loss of Puf3p (Figure 2A).

To further verify if Puf3p regulates mMRNA abundance of monosome-enriched mMRNAS in a
carbon source dependent manner, we performed the northern analysis using total RNAs prepared
from yeasts grown in respiratory media (YPGal or YPGIly). As shown in Figure 2B, steady-state
MRNA levels of two types of monosome-enriched mRNAs, MRPL16 (type 3) and CATS (type 4),
were not strongly affected by the puf34 mutation in YPGal or YPGly. The relative changes of the
mRNAs (w/A) were lower than those in YPD in both mRNAs (Figure 2A and 2B), suggesting that
Puf3p slightly modulates mRNA abundance of monosome-enriched mRNAS in a transcript-specific

manner especially under the glucose-rich media.
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Puf3p works as a trandational repressor of Mrpl16p and Cat5p in a carbon sour ce-

dependent manner.

Besides roles on mRNA decay, Puf3p is well considered as a spatial repressor for translation of nc-
mitochondrial mRNAs until they reach the vicinity of mitochondria (Crawford and Pavitt 2019). In
the case of COX17 mRNA, however, puf34 does not affect the Cox17p level even though Puf3p
promotes degradation of COX17 mRNA (Olivas and Parker 2000), implying intricate roles of Puf3p
on its targets. To clarify impacts of Puf3p on the translation of the monosome-enriched nc-
mitochondrial mMRNAs (type 3 and type 4), we analyzed endogenous levels of Mrpl16p and Cat5p
via western blotting.

As shown in Figure 3A, a steady-state level of Mrpl16p in the wild-type strain was very low
in the fermentable medium (YPD). Reflecting the mitochondrial activity, however, relative
abundance of Mrpl16p drastically increased by approximately 8-9 times in the respiratory media
(YPGal or YPGly; Figure 3B). Similarly, another mitochondrial protein, Catbp, displayed the high
induction under these growth conditions, akin to Mrpl16p (Figure 3D). The wild-type cells
expressed Cap5p in the fermentable medium approximately 3—4 times lower than in the respiratory
media and remarkably increased protein synthesis in response to the mitochondrial activity (Figure
3E). Importantly, deletion of Puf3p enhanced both Mrpl16p and Cat5p levels in the fermentable
medium while the effect was less significant than in the respiratory media (Figure 3A, 3B, 3D, and
3E). In the respiratory media, Puf3p still worked as the translational repressor for Cat5p, whereas
Puf3p did not repress translation of Mrpl16p (Figure 3A, 3B, 3D, and 3E). The effects of Puf3p-
driven translation inhibition were somehow different between Mrpl16p and Cat5p. Above results
indicate that Puf3p acts as a negative regulator of monosome-enriched mRNAs at the post-
transcriptional level in a carbon source- and/or transcript-dependent manner.

Of note, given that CAT5 mRNA lacks the canonical Pup3p binding sequence and none of

the previous studies identified CAT5 as a bona fide Puf3p target so far, it was a quite surprise that
12
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Cat5p expression is clearly repressed by Puf3p in all carbon sources (Figure 3D-3F). CAT5 encodes
Cat5p/Coq7p involved in the CoQ biosynthetic pathway (Jonassen et al. 1998; Marbois and Clarke
1996). Recent multi-omics analyses revealed that yeast Puf3p directly regulates the CoQ
biosynthesis especially via Cog5p (Lapointe et al. 2018). Cog5p catalyzes the C-methylation ring
modification step prior to the hydroxylation step via Cat5p (Awad et al. 2018). The multi-omics
analyses pointed out that yeast strains lacking Puf3p are significantly deficient for CoQ under the
fermentation, but not under the respiration (Lapointe et al. 2018). Further, they first picked up CAT5
as a candidate for the Puf3p target in the CoQ biosynthesis pathway including other six COQ genes.
According to the integration of HITS-CLIP and RNA Tagging data, however, they eventually
excluded CATS5 from high-confidence Puf3p targets (Lapointe et al. 2018). As mentioned earlier,
Puf3p broadly impacts on translation beyond its classical targets (Freeberg et al. 2013; Kershaw et
al. 2015; Lapointe et al. 2018). Therefore, CAT5 mRNA translation would be regulated by Puf3p as
one of the relevant CoQ pathway products directly or indirectly in a way different from MRPL16

MRNA.

Puf3p binds non-canonical sequences that have a variation at the 7th position of the canonical

sequence on MRPL16 and CAT5 mRNAsin vitro.

As presented in Figures 1-3, our analysis uncovered that Puf3p controls the translation of the CAT5
mMRNA and partially its expression in vivo. As shown in Figure 4A, three amino acid residues
within each Puf repeat, which directly contact with a single base of RNA and determine binding
specificity dominantly (Zhu et al. 2009; Cheong and Hall 2006; Opperman et al. 2005; Miller et al.
2008; Wang et al. 2009; Varshney et al. 1991; Koh et al. 2009). CAT5 mRNA does not have any
canonical Puf3p binding sequence, UGUANAUA. In contrast, there is one similar sequence,
UGUAUAAA, which has one difference at the 7th nucleotide of the Puf3p binding sequence (A

instead of U), in the 92-99 nt positions of the CAT5 3’-UTR (Figure 4C).
13
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To directly evaluate if CATS mRNA is a bona fide target of Puf3p, we employed an in vitro
binding assay between Puf3p and the 3’-UTRs of MRPL16 and CAT5 mRNAs according to the
previous analyses (Houshmandi and Olivas 2005; Jackson et al. 2004). We purified the glutathione
Stransferase-tagged Puf3p repeat domain (Puf3-RD; 465-879 amino acids) expressed in E. coli,
and in vitro-transcribed RNAs corresponding to the 3’-UTRs of MRPL16 and CAT5 mRNAs with
or without mutations were labeled with Cy3. These materials were subjected to the electrophoretic
mobility shift assay (EMSA). Increasing concentrations of purified recombinant Puf3-RD (0-1.95
uM) were incubated with a fixed amount of labeled wild-type or mutated RNAs (Figure 4D and 4E).

As shown in Figure 4D, Puf3p bound the wild-type MRPL16 3’-UTR dose-dependently,
yielding the gradual appearance of a shifted band when increasing Puf3-RD was used in EMSA
(lanes 1-3). This binding occurred through Puf3p but not simply through the GST tag, as there was
no bind shift in the presence of GST protein alone (G; lane 4). Strikingly, the mrpl16-101, in which
the first 4 nucleotides of the canonical sequence, UGUA, were replaced with ACAC, still showed
the clear band shift depending on the amount of Puf3-RD (Figure 4D, lanes 5-7). According to Lee
and Tu (Lee and Tu 2015), the UGUA substitution of Puf3p targets is sufficient to abolish the
binding affinity with Puf3p. Nevertheless, the mrpl16-101 3’-UTR with this substitution retained
the binding affinity with Puf3-RD. We then searched an additional Puf3p binding sequence within
the 64 nt of the MRPL16 3’-UTR (Nagalakshmi et al. 2008). There is one sequence similar to the
Puf3p binding sequence, UGUAUACA, an 8-nt with a U to C substitution at the 7th position, right
before the canonical Puf3p binding sequence. We generated an mrpl16-102 mutant, which has
additional substitutions UGUA to ACAC in a candidate for the Puf3p binding sequence applied to
mrpl16-101, and then performed EMSA (Figure 4B). The mrpl16-102 3’-UTR showed no band
shifts irrespective of the presence of Puf3-RD, and all the mutant RNA remained as the lower free
RNA band (Figure 4D, lanes 9-11). Thus, these in vitro results indicated that MRPL16 mMRNA has
two distinct Puf3p binding sites; the canonical one and a variant with one nucleotide substitution at

the 7th position of the canonical sequence.
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Next, we prepared the 115 nt of the CAT5S mRNA 3’-UTR as a wild-type substrate and
conducted EMSA as shown in Figure 4E. EMSA clearly showed that the wild-type CAT5 3’-UTR
directly interacted with Puf3-RD (Figure 4E, lanes 2 and 3). The shifted band corresponding to the
RNA-protein complex appeared in the presence of Puf3-RD but not in its absence, or in the
presence of GST alone (Figure 4E, lanes 1 and 4). Inversely, the lowest band corresponding to the
free CAT5 3’-UTR disappeared when Puf3-RD was incubated with the wild-type CAT5 3’-UTR,
likewise MRPL16 (Figure 4E, lanes 2 and 3). Then, we tested if a mutated version of CAT5 mRNA,
cat5-101, which has the UGUA to ACAC mutation in the candidate of the non-canonical Puf3p
binding sequence (Figure 4C), binds to Puf3-RD in vitro. As expected, the cat5-101 3’-UTR
completely lost the binding ability with Puf3-RD, and there was no reduction of the free RNAs
regardless of the presence or absence of Puf3-RD (Figure 4E, lanes 5-8). An additional band (*)
was observed when the CATS5 or cat5-101 3’-UTRs were present (lanes 1-8), however, this was
nonspecific because it was observed independent of the presence or absence of Puf3-RD or GST.
Overall, we concluded that CAT5 mRNA is a novel bona fide Puf3p target displaying the physical
interaction with Puf3p via the non-canonical Puf3p binding sequence UGUAUAAA in vitro.

From the above in vitro analysis of MRPL16 and CAT5 3'-UTRs, Puf3p was revealed to
accept U to C and U to A variants of the 7th position on the canonical 8-nt binding sequence. Thus,
it is possible that Puf3p recognizes wider mRNAS in vivo than the strict targets identified by
previous reports (Freeberg et al. 2013; Kershaw et al. 2015; Lapointe et al. 2018). In addition, some
of mMRNAs may have multiple canonical and/or non-canonical Puf3p-binding sites with redundant

functions.

The non-canonical Puf3p binding sequence of CAT5 mRNA isrequired for proper expression

of Cat5p under the fermentation aswell asthe respiration conditions.
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To clarify whether the novel Puf3p binding sequence of CATS mRNA found in the in vitro analyses
has functions in vivo, we generated a mutant strain with the UGUA to ACAC mutation in the above
mentioned non-canonical Puf3p binding sequence of the CAT5 gene (cat5-101). As shown in Figure
5A, the cat5-101 strain grew normally like the wild-type cells both on the fermentable and the
respiratory media (YPD and YPGIy) at 30°C and 37°C (Supplemental Figure S4A). In contrast, cat5
deletion strains (cat54 or cat5Apuf34) grew on YPD but not on YPGly at 30°C or at 37°C (Figure
5A and Supplemental Figure S4A), consistent with the respiratory-deficient phenotypes reported
previously (Tran et al. 2006). Since Puf3p mainly regulated Cat5p levels in a post-transcriptional
manner (Figure 3D-3F), we thought that the Puf3p binding affinity to CATS mRNA may affect
translation of Cat5p. Western blot analysis showed that the cat5-101 strain has less amount of
Cap5p than the wild type in YPD medium (Figure 5B, lanes 1 and 2). Importantly, the level of
Cat5p produced in the cat5-101 mutant was similar regardless of the presence or absence of Puf3p
(Figure 5B, lanes 2 and 5). Considering that the puf34 clearly enhanced the Catbp expression level
(Figure 3D-3F; Figure 5B, lane 4), the decreased Cap5p levels in the cat5-101 mutant may be
caused by another protein binding to this non-canonical binding sequence, UGUAUAAA, rather
than the deficient Puf3p binding. The similar phenotype regarding Cat5p expression pattern was
also observed in the cat5-101 cells grown in YPGIy (Figure 5C). Under the respiratory conditions,
the cat5-101 mutation reduced the Cat5p level more strongly regardless of the presence or absence
of Puf3p (Figure 5C, lanes 2 and 4). Thus, Puf3p binding on the non-canonical Puf3p binding site in
the CAT5 3’-UTR is not required for yeast growth in the respiratory medium, but clearly contributes
to upregulation of Cat5p translation under respiration. Moreover, the non-canonical Puf3p binding
site seems to recruit an unidentified factor(s) that enhances Cat5p production under the fermentable
and respiratory conditions to cooperate with Puf3p in CAT5 post-transcriptional regulation.

In this study, we uncovered that Puf3p directly interacts with the non-canonical Puf3p

binding sequences with variation at the 7th position in vitro and in vivo (Figures 4 and 5). The N-
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terminal part of a PUF domain, which recognizes the 3' region of the Puf3p site, seems to be more
flexible for accepting target-nucleotide mutations than the C-terminal part (Campbell et al. 2014;
Zhou et al. 2021). Indeed, analysis of human PUM2 binding sites using SEQRS in vitro and PAR-
CLIP in vivo revealed that substitutions of the 7th position of the canonical sequence to A or C are
naturally occurred (Campbell et al. 2012, 2014). Alternatively, several PUF proteins show broader
specificity through ejection of certain undesirable nucleotides (Gupta et al. 2008; Wang et al. 2009).
We don’t know yet how Puf3p-RD structurally recognizes the variant sequences with possessing
the altered 7th position, but as proposed by Zhou et al. (Zhou et al. 2021), an equilibrium between
individual binding specificity of each repeat to the corresponding nucleotide and total binding
affinity to the target mRNAs in PUF proteins may be crucial. In fact, consistent with the previous
structural study (Campbell et al. 2014), their three-hybrid analysis also confirmed that the N-
terminal part of the PUF domain is more tolerable for combinatorial mutations of the target
nucleotides than the C-terminal part (Zhou et al. 2021).

Further, the cat5-mutant analysis revealed that CATS mRNA, one of those mMRNAs
regulated by Puf3p via the non-canonical Puf3p binding sequence, is regulated not only by Puf3p
but also by another protein(s) in vivo (Figure 5B and 5C). Puf3p predominantly represses CATS
expression in the fermentable medium compared to the respiratory one while the mutation of
CAT5's non-canonical Puf3p site leads to reduction of Cat5p production (Figures 2, 3D-F, and 5B—
C). Therefore, this non-canonical Puf3p binding site is recognized by multiple factors including
Puf3p, and their binding may be controlled through environmental carbon sources. Although Puf4p
and Puf5p, other Pumillio family proteins in the yeast, which partially share target mMRNAs with
Puf3p (Gerber et al. 2004; Lapointe et al. 2017) are candidates of this unknown factor(s), their
known-targets differ from the non-canonical Puf3p-biding sequence of CAT5 mRNA. In either case,
Puf3p and the other factor(s) need to be controlled in a carbon-source dependent manner. Puf3p
activity is, at least, regulated via phosphorylation depending on the carbon sources (Bhondeley and

Liu 2020; Lee et al. 2015). Moreover, according to the polysome analysis (Figure 1), significant
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portions of certain nc-mitochondrial MRNAs (type 3 and type 4: in particular MRPL16) were
associated with the monosome in the absence of Puf3p. Because the puf34 upregulates stabilities
and/or translation of such mRNAs, these mMRNAs in the monosome fractions may positively
contribute to production of the mitochondrial proteins, and Puf3p might somehow inactivate
translation through suppressing enrichment of the mRNAs in the monosome fractions. It is also
possible that phosphorylation of Puf3p might affect such activity, and that Puf3p-driven regulation
on the translational level allows more rapid response of mitochondrial biogenesis to fluctuation in
glucose availability than transcriptional regulation (Molenaar et al. 2009). This kind of translational
regulation may be active in higher eukaryotes. A human homologue of CATS/COQ7 rescues yeast
CoQg deficiency caused by catb5A mutation (Awad et al. 2018; Vajo et al. 1999), and the 3-UTR of
human CAT5 (hCOQ7) mRNA can recruit human Pumillio proteins PUM1 and PUM2 (Bohn et al.
2018).

Further analyses are required for full understanding of Puf3p-driven translational regulation.
How wide is a range of non-canonical RNA sequences recognized by Puf3p? What is the
mechanism of translational regulation of Puf3p related to monosome-polysome balancing? How
does Puf3p phosphorylation alter this translational repression? What is the unknown factor(s) and
its/their function(s)? The understanding of the Puf3p-driven translational regulation, especially that
for CAT5 mRNA, in the yeast will also contribute to pathological studies of the CoQ;, deficiency in

human.
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MATERIALSAND METHODS

Yeast strains, plasmids and culture conditions

Standard yeast genetic techniques and other molecular biological techniques were applied (Guthrie
and Fink 1991; Green and Sambrook, 2012). S. cerevisiae strains used in this study are listed in
Table S2. Primers and plasmids are summarized in Supplemental Tables S3 and S4, respectively.
For generating a cat5A4puf34 strain (SHSC0090), an amplified puf34:: CgHIS3 fragment was
introduced into a cat54 strain (SHSCO0060). To make a cat5-101 strain (SHSC0279), integration of
a mutant CAT5 3’-UTR allele was performed using the two-step gene replacement strategy. First,
the URA3 marker was integrated at the corresponding transcribed region of the CAT5 gene,
generating a cat5A4::URA3 strain (SHSC0268). Subsequently, a 1.08 kb EcoRV-HindlIl fragment
containing the CAT5 3’-UTR mutant allele from pSHSCO009 was integrated into SHSC0268 to
replace the URA3 marker. 5-FOA resistant clones were isolated, and correct integration was
confirmed by sequencing. For generating a cat5-101 puf34 strain (SHSC0286), an amplified
puf34::CgHIS3 fragment was introduced into SHSC0279.

Strains were grown at 30°C in YPD [1.0%(w/v) yeast extract, 2.0%(w/v) polypeptone, and
2.0%(w/v) D-glucose], YPGal [1.0%(w/v) yeast extract, 2.0%(w/v) polypeptone, and 2.0%(w/v) D-
galactose], or YPGIy [1.0%(w/v) yeast extract, 2.0%(w/v) polypeptone, and 2.0%(w/v) glycerol].
For growth comparisons, cells were grown on SCD [0.67%(w/v) yeast nitrogen base without amino
acids, 0.5%(w/v) casamino acids, vitamin assay, and 2.0%(w/v) D-glucose] or SCGly [0.67%(w/v)
yeast nitrogen base without amino acids, 0.5%(w/v) casamino acids, vitamin assay, and 2.0%(w/v)

glycerol] with 20 ug/ml appropriate amino acids and nucleobase supplements.

Polysome profiles and RNA extraction from sucrose gradient fractions
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Yeast cells were cultured until log-phase (ODggo 0.5-0.6), and cycloheximide was added to the
culture to a final concentration of 100 pug/ml. The cells were centrifuged at 4,500 xg for 10 min at
4°C in an R10A3 rotor (Hitachi Koki, Tokyo, Japan) and washed in 40 ml of Washing Buffer | [20
mM HEPES-KOH, pH7.4, 2.0 mM Mg(OAc),, 100 mM KOACc, 100 pg/ml cycloheximide]
followed by centrifugation at 2,200 xg for 10 min at 4°C with a low-speed swing rotor. The
resulting pellets were frozen in liquid N,. The frozen cells were grinded in a mortar containing
liquid N2 to make a cell chunk into fine powder, and were resuspended in 2.0 ml of Lysis Buffer |
[20 MM HEPES-KOH, pH7.4, 2.0 mM Mg(OAc),, 100 mM KOAc, 1.0 mM DTT, 1.0 mM PMSF,
cOmplete Protease Inhibitor Cocktail, EDTA-free (Roche Diagnostics, Basel, Switzerland)]. The
lysate was centrifuged at 2,900 xg for 10 min at 4°C with a low-speed swing rotor, and the
supernatant was cleared by centrifugation at 9,200 xg for 10 min at 4°C in a microcentrifuge
(Kubota Corp., Tokyo, Japan). After once more centrifugation under the same conditions, the
supernatant was loaded onto a 10-50% (w/v) linear sucrose gradient and was centrifuged at 100,000
xg for 2.0 h at 4°C in a P28S2 rotor (Hitachi Koki). The fraction recovery was performed from top
to bottom using Piston Gradient Fractionator (Biocomp Instruments, Fredericton, Canada) with
monitoring Azss. For RNA extraction, sucrose gradient fractions were mixed with 1.6 volume of 8.0
M guanidine-HCI and final 54 ng/ul glycogen, and RNAs were precipitated by mixing with a 1/2
volume of 2-propanol and staying at -80°C for overnight. The precipitated samples were centrifuged
at 18,000 xg for 25 min at 4°C in a microcentrifuge. The pellets were dissolved in Formaldehyde
Sample Buffer [0.84%(w/v) MOPS, 0.08%(w/v) NaOAc, 0.04%(w/v) EDTA-2Na, 7.4%(w/Vv)

formaldehyde solution, 50%(v/v) Hi-Di formamide] after washing with 70% EtOH.

Crude RNA preparation and Northern blotting
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Crude RNAs from mid log-phase yeast cells were extracted at 65°C with the Na-acetate/sodium
dodecyl sulfate (SDS) buffer [50 mM Na-acetate, pH5.2, 10 mM EDTA, 1.0%(w/v) SDS] and an
equal volume of Acidic Phenol Chloroform [phenol:chloroform = 5:1, pH4.5] or Phenol, Saturated
with Citrate Buffer [pH 4.5] (FUJIFILM Wako Pure Chemical, Osaka, Japan). The aqueous phase
was separated by the addition of chloroform and subsequent centrifugation, resulting in RNAs were
precipitated with 2-propanol, and the final pellets were resuspended in TE [10 mM Tris-HCI, pH
7.5 and 1.0 mM EDTA]. The crude RNAs or RNAs from sucrose gradient fractions were separated
on a 1.2%(w/v) agarose gel with 2.2 M formaldehyde in the MOPS buffer, and transferred onto
Hybond-N" charged nylon membranes (GE Healthcare, Chicago, lllinois, USA) by capillary
transfer in 20xSSC. Hybridization with digoxigenin (DIG)-labeled antisense RNA probes was
conducted in DIG Easy Hyb (Roche Diagnostics) at 68°C. The antisense RNA probes of ACT1,
ILV5, AIM17, MRPL16, RSMI10, and CAT5/COQ7 were labeled with digoxigenin using DIG

Northern Starter Kit (Roche Diagnostics).

Total protein extraction and Western blotting

Mid log-phase yeast cells (0.5 ODggo unit) were collected by centrifugation, resuspended in 113 pl
Lysis Buffer 11 [10 mM Tris-HCI, 1 mM EDTA-Na, 278 mM NaOH, 6.2%(v/v) B-mercaptoethanol],
and incubated for 5 min on ice. Cell lysate was treated with 1.0 ml of ice-cold 10%(w/v) TCA for

10 min on ice, and centrifugated at 18,000 xg for 5 min at 4°C in a microcentrifuge. After washing
with ice-cold acetone, the final pellets were resuspended in SDS-PAGE Sample Buffer [50 mM
Tris-HCI, pH 6.8, 5.0 mM EDTA-Na, pH8.0, 2.5%(w/v) SDS, 12.5%(w/v) glycerol, 0.005%(w/v)
bromophenol blue, 2.0%(v/v) B-mercaptoethanol, 2.0 mM PMSF] supplemented with final 20 mM
Tris, and heated for 5 min at 95°C. Immunoblots were developed using ECL with horseradish

peroxidase-conjugated goat anti-rabbit 1gG as the secondary antibody. For ECL detection,
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membranes were incubated for 1 min in ECL solution [100 mM Tris-HCI, pH 8.6, 0.2 mM p-
coumaric acid in DMSO, 1.2 mM luminol sodium salt in DMSO, 0.01%(w/v) H,O,] (Raue et al.
2007). Antibodies against Mrpl16p and Cat5p/Coq7p was kindly provided by Prof. Antonio

Barrientos (University of Miami, USA) and Prof. Catherine F. Clarke (UCLA, USA), respectively.

Protein expression and purification

The GST-Puf3RD expression plasmid, pTYEG600, and its vector, pPGEX-4T-2, were introduced into
the Escherichia coli strains BL-21 (DE3) or TG1 [supE hsdA5, thi, A(lac-proAB)/F' [traD36,
proAB", lacl?, lacZ4AM15]. GST-tagged fusion proteins were overexpressed by inducing cultures in
log phase with 0.2 mM IPTG at 37°C for 2 h. Collected cells were washed with ice-cold STE Buffer
[10 mM Tris-HCI, pH 8.0, 0.1 M NaCl, 1 mM EDTA-Na], and resuspended with ice-cold Lysis
Buffer 111 [50 mM Tris-HCI, pH 7.5, 100 mM NaCl, 2 mM EDTA-Na, 1 mM PMSF]. Cells
disruption was performed with Ultrasonic Disruptor UD-201 (Tomy, Tokyo, Japan). In advance of
centrifugation for removing cells debris, the cell lysate was incubated with 0.1%(w/v) Trition X-
100 on ice for 5 min. The GST fusion proteins were purified with Glutathione Sepharose ™4B (GE
Healthcare) according to the manufacturer’s protocol with Binding Buffer | [50 mM Tris-HCI, pH
7.5, 0.1%(w/v) Triton X-100, 2 mM EDTA-Na, pH8.0, 0.1 M NaCl, ImM PMSF] and Elution
Buffer [50 mM Tris-HCI, pH 8.0, 25 mM reduced glutathione]. Protein eluates were dialyzed
against 50 mM Tris-HCI, pH 8.0, and protein concentration of the final samples were determined by
the Bradford assay using Protein Assay CBB Solution (Nakalai Tesque, Kyoto, Japan) and bovine

serum albumin (FUJIFILM Wako Pure Chemical) as a standard.

I n vitro transcription and fluorescence labeling of RNA
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DNA templates were amplified from pTYE611 (MRPL16 3’-UTR), pTYE612 [mrpl16 3’-UTR w/o
Puf3 site (26 TGTA to 26ACAC)], pSHEQ002 [mrpl16 3’-UTR double mutations (18TGTA to
18ACAC, 26 TGTA to 26ACAC)], pTYE613 (CAT5/COQ7 3’-UTR), or pSHE001 [cat5/coq7 3-
UTR (92TGTA to 92ACAC)] with MRPL16_3UTR_rv2 or CAT5_3UTR_rv2, and M13-20 as
primers. The resulting PCR products were purified with illustra GFX PCR DNA & Gel Band
Purification Kit (GE Healthcare) followed by 2-propanol precipitation, and the final pellets were
dissolved in DEPC-treated water (DEPC-DW). In vitro transcription was performed using SP6
RNA polymerase with MEGAscript kit (Ambion, Austin, Texas, USA). Transcribed RNAs were
subjected to phenol chloroform extraction followed by chloroform extraction and 2-propanol
precipitation, and the final pellets were dissolved in 40 ul of TE, and were further desalted with
NucAway™ Spin Columns (Ambion) equilibrated with TE. The RNAs were treated with final 1.8
mg/ml NalOy at 23°C for 60 min in the dark, resulting in oxidization of the 2°, 3’-diol at the 3'-
terminus of the RNAs to a 2°, 3’-dialdehyde. The buffer of the NalO,-oxidized RNAs were
exchanged to 0.10 M NaOAc, pH 5.2 with PD Spin Trap G-25 (GE Healthcare). The recovered
RNAs were mixed with 7.0 pl of 10 mM Cy3 hydrazide (BroadPharm, San Diego, USA) and
incubated at 4°C for 4 h in the dark for dialdehyde-hydrazide conjugation. After ethanol
precipitation, the final pellets were dissolved in 10 ul of DEPC-DW, and RNAs were purified by
PAGE using a 7%(w/v) TBE-urea polyacrylamide gel. Elution of RNAs was performed with 750 pl
of Urea-PAGE Elution Buffer (0.30 M NaOAc, pH5.2, 5.0 mM EDTA-Na, 0.10%(w/v) SDS) under
light protection for overnight, and repeated with 250 pl of the same buffer for 4 h. Eluted RNAs
were extracted with a 1:1 mixture of phenol/chloroform, and then with chloroform. After
precipitation with 2-propanol in the presence of 12.5 ug/ml glycogen, the final pellets were
dissolved in 20 ul DEPC-DW. For quantifying of fluorescence-labeled RNAs, the RNAs were
separated on a 7%(w/v) TBE-urea polyacrylamide gel, and the signals were detected with a laser
scanner, Typhoon FLA-7000 (GE Healthcare), or a cooled CCD camera system, Ez-Capture

(ATTO, Tokyo, Japan).
23


https://doi.org/10.1101/2022.04.10.487782

bioRxiv preprint doi: https://doi.org/10.1101/2022.04.10.487782; this version posted April 10, 2022. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Sachiko Hayashi

Electrophoretic mobility shift assay (EMSA)

In vitro binding analysis regarding with GST-Puf3RD were basically performed as previously
described (Houshmandi and Olivas 2005; Jackson et al. 2004). Reaction mixtures were prepared in
20 pl of Binding Buffer 11 [10 mM HEPES-KOH, pH 7.4, 50 mM KCI, 1.0 mM EDTA-Na, 2.0 mM
DTT, 200 U/ml RNasin, 0.1 mg/ml bovine serum albumin, 0.01%(w/v) Tween-20, 0.1 mg/ml
poly(rU), and 10 ug/ml yeast tRNA] in the presence (0.65 uM) or absence of GST-Puf3RD or GST
with final 600 pM and 100 pM fluorescence-labeled in vitro transcripts of the MRPL16 3'-UTR and
CAT5 3-UTR, respectively. The mixtures were incubated at 24°C for 30 min, received 5.0 ug of
heparin, and incubated further at 24°C for 10 min. For electrophoresis using 7%(w/v) TBE-
acrylamide gel, the reaction mixtures were mixed with 4.0 pl of 5x Gel-shift Sample Buffer [5x
TBE, 25%(w/V) sucrose]. Electrophoresis was performed at 200 V at 4°C for 2-2.5 h. Fluorescence
signals were detected with Typhoon FLA-7000 (GE Healthcare), and the data were processed by a

software, Image Quant TL (GE Healthcare).
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FIGURE LEGENDS

Figure 1. Trandational characteristics of nc-mitochondrial mMRNAs under the fermentable

conditions, which wer e demonstrated by polysome profiling

(A)—(E) Distribution of nc-mitochondrial mMRNAs in the wild-type (WT) and puf3 deletion (puf34)
yeasts upon polysome analyses. Northern blotting was performed using RNAs extracted from
sucrose gradient fractions of the polysome analyses (blot images). Analyzed mRNAs are shown in
the left. LS, loading sample; fractions 1-3, non-ribosomal cytosol; fractions 4-5, monosomes;
fractions 6-8, light polysomes; fractions 9-13, heavy polysomes. The lower graph shows mRNA
distribution among the sucrose gradient fractions in the above northern blotting. The graphs in (A)
and (D) also show distribution of ACT1 mRNA (blue dashed line) in addition to those of ILV5 and
AIM17 mRNAs (black solid line), respectively. (F) A cumulative bar chart represents the ratio of
MRNA occupancy in indicated fractions. mRNA signals of the fractions analyzed in each density
gradient in (A)—(E) were combined into four bins (non-ribosomal cytosol, monosomes, light
polysomes, and heavy polysomes), and expressed in percentage of the total signals in the

fractionation. The numbers were means of the independent experiments (n=2 or 3).

Figure 2. Loss of Puf3p modestly stabilizes RSM10, MRPL16 and CAT5 mRNAS, whileit

destabilizes AIM17 mRNA.

(A) Northern blot analysis of each mRNA classified as type 1 to type 4. Total mMRNAs were isolated
from the wild-type (W) and puf34 (A) yeasts grown in the fermentable medium (YPD), and their
total RNAs were subjected to the northern blotting for indicated mMRNAs. Numbers represent

relative expression changes of mMRNA abundance. The means and standard deviations of mMRNA
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signals (A/W, puf34/WT) were calculated from at least three biological replicates. (B) Northern blot
analysis of MRPL16 and CATS mRNAs prepared from yeasts grown in respiratory media (YPGal
and YPGIy). The relative expression changes of mMRNAs abundance were analyzed as described

above.

Figure 3. Puf3p regulates expression of Mrpl16p and Cat5p in a car bon sour ce-dependent

manner.

(A) Steady-state levels of Mrpl16p in the wild-type (WT) and puf34 strains. Total cell extracts
corresponding to the same amount of total protein were analyzed via immunoblotting using
antibodies specific for Mrpl16p, and for Srplp as a loading control. Because the expression levels
of Mrpl16p differed significantly, short exposure (S) and long exposure (L) images of the same
immunoblot are displayed. (B) A bar chart represents relative abundance of Mrpl16p quantified and
normalized by abundance of Srplp from more than three biological replicates in (A) (Student’s t-
test, **, p < 0.01; ns, not significant). (C) Relative changes of Mrpl16p in the puf34 cells compared
with the wild-type cells under different growth conditions. The average of WT on YPD is setto 1.0
(n >4; **** p<0.0001). (D) Steady-state levels of Cat5p in the wild-type (WT) and puf34 strains.
Total cell extracts were analyzed as in (A). (E) A bar chart represents relative abundance of Cat5p
quantified from at least three biological replicates in (D), and shown as in (B) (Student’s t-test, ***,
p<0.001; **, p<0.01; * p<0.05). (F) Relative changes of Cat5p in the puf34 cells compared

with the WT cells (n > 4; *, p < 0.05; *** p < 0.001).

Figure 4. Puf3p accepts variants at the 7th nucleotide of the Puf3p canonical binding sequence

on MRPL16 and CAT5 mRNASs in vitro.
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(A) Crystal structure of the Puf3p repeat domain (Puf3-RD) in complex with the 3’-UTR of COX17
mRNA (PDB ID code: 3K4E). R1-R8 indicate the PUF repeats of Puf3-RD. Nucleotides of COX17
mMRNA (5’-UGUAUAUA-3’) are highlighted in green for the 7th position of the canonical Puf3p
binding sequence and in red for other positions of the canonical Puf3p binding sequence. (B) An
overview of the Puf3-RD fusion used in this study. Shown numbers represent amino acid positions
of Puf3p. (C) The upper scheme shows 3’-UTR sequences of MRPL16 mRNA used in gel shift
assays (EMSA). Shown numbers represent nucleotide positions in the 3’-UTR. Capital letters
indicate the canonical Puf3p binding sequence (orange underline; U26-A33) or a candidate of a
non-canonical Puf3p binding sequence with the different 7th nucleotide (24C; U18-A25). Green
highlights the 7th nucleotide of the canonical or non-canonical Puf3p binding sequences. Red
highlights mutated positions of the canonical or non-canonical Puf3p binding sequences. The lower
scheme shows 3’-UTR sequences of CAT5 mRNA used in EMSA. Shown numbers represent
nucleotide positions in the 3’-UTR. Capital letters represent a candidate of a non-canonical Puf3p
binding sequence (U92-A99), which has a different nucleotide at the 7th position (98A; green).
Mutated positions are highlighted in red. (D) EMSA was performed with the wild-type and mutant
forms of Cy3-labeled RNAs corresponding to the MRPL16 mRNA 3’-UTRs. 600 pmol of the Cy3-
labeled RNAs were used as substrates. The final concentration of GST-Puf3-RD used in the assays
were 0 UM (=), 0.65 uM and 1.95 uM (black right triangle). Lane G (lanes 4, 8, and 12) represents
control gel shift with 1.95 uM GST. No RNA substrates were included in lanes 13 and 14 in the
presence of 1.95 UM GST-Puf3p-RD (+) or GST (G). (E) EMSA with the wild-type and mutant
forms of the CAT5 3'-UTR. Assay conditions were similar to those in (D) except 100 pmol instead

of 600 pmol of the Cy3-labeled RNAs were included.

Figure 5. A mutations on the non-canonical Puf3p binding sequence of CAT5 mRNA impairs

proper Cat5p expression in vivo but not cell viability.
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(A) Growth comparison among wild-type, cat5-101, and cat5A4 strains in the presence or absence of
the PUF3 gene. Saturated cultures of the indicated strains were serially diluted by 10-fold as shown
in the bottom, dropped onto YPD or YPGly plates, and cultured at 30°C. (B)—(C) Western blot
analysis of Cat5p in the corresponding yeast strains in (A). Cells were grown at 30°C in YPD (B) or

in YPGly (C). Srplp was used as a loading control.
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